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Inotropie
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Normal in Ruhe

Normal, Belastung

Kardiogener Schock
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4K-0=�<�B56:<�/�r B5=wEGFU-0608Cv7�96Ik�25p0=w=3B587?7<�B m�-060;���<$2525-:2�n7/w<�6��:v7<�/aoq�9/3A�t047/3<$6s��47/ �
m3B5?7<$256 � �~B5< �hp0=3=wB589<��(Fh4K=3< V�B5/w;�v9�96
F]2D-:mJ�02547=3AC4�87<�t0BD25;0<
m �QVS<�2DEGF0<�=P47-:=(E�4 �

90%
7 47=w=3<$/

t�<�=amJ<�F�m 8 -9�2: �
�~<$/`z�/34760=3���9/am�;:<�= , 47-0<$/3=amJ�[E�=`=3�&V�B5<�;0BD<��><$89-025BD<�/w-0608�;0<$=��h| � 7 <�/amJ<�=�V�BD/3; v9�96 ;0<�6
/w�7mJ<$6 F]2D-:mJ?QL9/3��<�/wEGF0<�6 y 1(/ �UmJF:/3�9� ��m3<�6l} ��;:<�/�|~47-0� mJAC47=3=w<�;0<$/��$<�2D25-025n7/3<$6�FS25-:m3t�<$=wmG4K60; �
m3<�B52D< �^p:t�<$/360�9A�A�<�6 � ��<�/ \ �925-0A�<�60476�mJ<�BD2!;0<$/�/w�7mJ<$6 FS25-:m3?[L9/w��<$/3EGF0<$6 47A H
<�=347A�m3t025-:m �
v7�925-0A�<�6 V�B5/w; 4K25= |~nKA 4Km3�9?U/3B m V]<$/wmPt�<$��<$B5EGF060<
m ��<�/ t�<$mJ/3n787mPB5A �~-0/3EGF:=3EGF060B m3m

0.47
t�<$B5A

rs4K606 -060;
0, 42

t�<$B�;:<�/"kh/J4K- � �~B5<~1 / �UmJF0/w�9���UmJ<$6�Fh47t�<�6 t�<�B�/3-0F:<�60;0<$A F]2D-:mS;0B5<~kl�7/3A
v7�96 /3-:60;0<�6 t:B5?7�760?@4 v7<�6 ?K<�/w6025�9=w<�6 , EGF:<�B5t�<�6 ACB m�<$B560<$A ACB m3mJ2D<�/w<�6 �~-0/3EGF:AC<$=3=3<$/�v9�96
7, 5µm

�
�~BD< O~t8V]<$F0/woq-:60?�mJB5�76I;0<�= � /38�476:B5=3A�-0=3=w<�= V�B5/3;�v9�76s;0<$6 V]<$B _9<$6 F]2D-:mJ?QL9/3��<�/wEGF0<�6 ��;:<�A
� V]<$BDmJ<$6���<$252D-02�n7/w<�6]F]<$=wmG4K60;:mJ<$B52�;0<�= F]25- mJ<�=��[p0t�<$/360�7ACA�<�6 � ��<�/ \ �725-0A�<�6h4K6Um3<�BD2�;0<�/ 5�<�- �
?K�9���UmJ<$6�vK47/wB5BD<�/wm �w<
6h47EGF�z�4789<�=w��<$BDm>-060;�kh-060?�mJBD�960=w��-0=amG4760;�;0<$= � /w8�4760BD=3A�-:=3=3<$=��CVS�9t�<�B
�$- t�<$/3p0EG?U=3BDEGF�mJB587<�6 B5=am ��;h47=w= 6U-0/ E�4

5%
;0<�/�B5A xIL9/w��<$/�v7�9/3Fh4K60;0<�6:<�6 5�<�-0?K�9���UmJ<$6 BDA

F]2D-:mJ?U/w<�B5=w2�47- o��$B5/w?�-:25B5<$/wm �
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F]<$B#F]<$m3/J47EGF�mJ-:608
;0<�/ F]2D-:mJ=amJ/ML7A�-0608�B56 89/3�J_7<�6 H
<$o{nQ_9<�6�2�n7=w=wm�=3B5EGF�;0B5<$=3< , -0=3��<�6:=3B5�76 47-0=
F]2D-:mJ�:2�47=wA 4 -060; E�4

50%
<�B56:89<�254789<�/amJ<$6Ikh<�=amJ?[L7/3��<�/36I4725= S BDEGFUm �XS <WV"mJ�760=3EGF0<$=�r <�;0BD-0A

t�<$m3/J47EGF�mJ<$6 � ��B5< � F047/J47?�m3<�/3BD=wm3B5? ;0<�/ , -0=3��<�6:=3B5�76 2�n7=w=wm�=3B5EGF ;047F0<�/�47-0=�=amJ/ L9A�-06087=3A�< �
EGFh4K60B5=wEGF0<�/ , BDEGFUm�;0-:/3EGF ;0B5<@O�t0Fhn76087B589?K<�BDm�;:<�/ \ BD=3?K�9=3B mGnKm

µeff

v7�96 ;:<�/ , EGF0<$/3/J4@mJ<
γ̇47-:=3;0/wp0EG?7<$6 �!� 6 ;:<�6 ?U2D<�B56:<�6 FS25-:m389<$o{n[_7<�6 B5=wm ;0BD<�=w< F]<
mJ/347EGF�mJ-06087= VS<�B5=w<�60B5EGF�m���-025n7=3=wB58

-06:; F]2D-:m>A�-0=3=�472D= , -0=3��<�60=wB5�96 t�<$Fh4760;:<�2DmGVS<�/3;:<�6 8 �[Y�: � �~B5<]O~t:Fhn76089BD89?7<$BDm�;0<$/I\~B5=3?K� �
=wBDmGn@m

µeff

v9�96�;0<�/ , EGF:<�/3/34KmJ<
γ̇
B5=wm�BD6 O~t0t0BD25;0-:608 � �RY ;h4K/389<$=wmJ<$252 m �

t/s

/s

10 3

c/ p

210

10

1
-210 10 -1 1 1021010

Abb.13.12

3

O~t:t0B52D;0-0608 � �ZY � \~B5=3?K�9=3B mGnKm]v9�96 F]25-:m�B56 O~t0F0n76089BD89?7<$BDm�;0<$/ , EGF0<�/w/J4Km3<

�~BD<~��<$oq�9/wACBD<�/3t047/3?K<�BDmP;0<$/]/w�7mJ<$6@F]25- mJ?[L7/3��<�/3EGF:<�6 -06:; ;0<�/w<�6 O�8989/w<�8�4Km3B5�96:=3��-:=wmG4K60; t�< �
=amJB5A�A�m�B56 89/w�J_9<$A rs4Q_9<�;0BD< \ BD=3?7�7=3BDmJnKm

µeff

� �~BD< O~8987/3<�894KmJBD�96�t�<��$<�B5EGF:60<$mP;h47=(,.-0=J47A �
A�<�6Uth472D25<$6�;0<�/ FS25-:m3?[L9/w��<$/3EGF0<$6 � r BDm�;0<�A H`/347; ;0<�/ O�8989/w<�8�4Km3B5�96�=wmJ<$B587m ;:B5< \~B5=3?K�9=3B mGnKm��
VS�9F0BD6089<�87<�6 =wB5EGF ;0BD<~x>�960892D�9A�<�/J4@mJ<�y{A�BDm3<�B5604760;0<$/ v7<�/w?�2D<�t:m3< /3�KmJ< FS25-:m3?[L9/w��<$/3EGF0<$6l}St�<�B
=amJ<�BD89<�6:;0<�6 , EGF0<$/3/J4@mJ<�6s47-�� L7=3<�6�-060; ;0B5< \~B5=w?7�9=wBDmGn@m V�B5<�;:<�/"=3BD60?�m �
� 6�F]<�/w<�BDEGF0<�6 89/3�J_7<�/ , EGF0<$/3/34KmJ<$6 25BD<�89<$6#;0B5<�1(/ �Um3F0/3�9� �UmJ<�6N4725= <$B560�$<�256:<��!47/amJB5?K<�2"v9�7/ �
� 6 FS<�/3<$B5EGF0<$6 89<�/wB56087<�/3<$/ , EGF:<�/3/34KmJ< y

γ̇ < 10s−1 }�478789/3<$89B5<$/3<�6 ;0B5< F]2D-:mJ?QL9/3��<�/wEGF0<�6#��-
=w�C89<$6h47606�m3<�6 H
<�2D;0/3�92D25<$6 y{=3BD<�F0< O�t0t0B52D;0-0608 � �R/ } � , B560?�m�;0B5< , EGF:<�/3/34KmJ< -06�mJ<$/

γ̇ < 1s−1

t0BD25;0<$6�;0B5< FS25-:m3?[L9/w��<$/3EGF0<$6s;0/w<�B5;:B5A�<�60=wB5�96h4K25< , mJ/3-:?Um3-0/3<$6 �
7 n7F:/3<�6:;C;h4K= O~-:oqt0/w<�EGF0<$6 ;0<$/SH`<$25;0/w�9252D<�6#T , mJ/3-:?Um3-0/3<$6�B56:60<�/wFh4725t�v7�96 , <�?U-060;:<�6Ut0/3-:EGF �
m3<�B52D<�6�89<�=wEGF0B5<$F�m ��t�<$6 L7mJBD87mPB56�AC<$60=3EGF:25B5EGF:<�A F]25- mS;:B5<GO~8989/w<�8�4@mJB5�76Ct0BD= ��-0/ O~-0=wt0B52D;0-0608
;0<$/ , mJ/w-0?�mJ-0/w<�6 E�4 �

10s
� �~<�/`�(-02D=
;0<�=`x
/3<$B5=w2�47-:oq=~25B5<$87m t�<�B�<$m V]4

1/10
;0B5<$=3<�/ ,.<$BDm �.� 6

89/w�J_9<$6sH
<$o{nQ_9<�6�t0BD25;0<$6�=wB5EGF�;h47F0<$/�?7<�BD60<�H`<$25;0/w�9252D<�6�4K-0= 8 �8/ : �
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O�t0t0B52D;0-0608 ��� / �01 / �UmJF0/w�9���UmJ<$6IB56�4K8989/3<$89B5<$/wm3<�A ,.-:=wmG4K60; �

� 
�� � �$� ����%��
����%��
��%�� 
 ������+"� '��
��� +"� � � '��`�!� ��	�������%��
� �
������� ��������	��!��� ������% 
��`�!��� ��� �

�~BD< , m3/3-0?�m3-0/�;0<$/�B560?K�9A��0/3<$=3=3BDt025<$6���B560=amG4Km3B5�960n7/3<$6 , m3/ML9A�-:608IB5A�\ <$6Um3/3BD?7<�2S2�n7=w=wm�=3B5EGF
;0-:/3EGF�;0B5<`;0BDAC<$60=3BD�960=32D�9=3<$6�x
<�6060��47F02D<�6 �>< � 6:�925;0=w��47F:2�-060; 7 �9A�<�/w=32D<�����47F:2�EGFh47/J4K?Um3< �
/wB5=3BD<�/w<�6 �
�~BD< ��<���60�92D;0=3��47F02�t�<$=3EGF0/w<�B5t m�;h47= \ <$/3Fhn72 mJ60BD=S;:<�/�?K�96�v9<�?�m3BDv9<$6sz�/Jn787F0<�B mJ=3?U/3nKo mJ<���-�;0<�6
��<�BDt0-06089=w?U/JnKo m3<�6 � �~BD<`�~<)"060BDm3B5�96�;0<$/���<���60�725;0=w��47F02�2547-:m3<$m

ReL =

?7�96�v7<�?�mJB v9<�z�/JnK89F0<�B mJ=w?�/3nKo mJ<
��<�B5t:-06089=w?�/3nKo mJ< =

ρ · U · L
µeff

� y � �+* }

�~BD< , mJ/ML7A�-0608�B5A \ <$6�mJ/3BD?7<$2=V�BD/3;s�$-0/ , mJ/w-0?�mJ-0/3476h472 � =w<�BD6 � V]<$B \ �9/w8�n76089<`�$<�/32D<�87m��l;0<�/
�~B547=wm3�925<C-060;#;0<$/ , ��=wmJ�725< � �~B5< , mJ/3-:?Um3-0/ ;0<$/ , mJ/ L9A�-0608 V]n7F0/w<�60; ;0<$/ F]<$oqp02D25-06:8I;0<�=
\ <$6Um3/3BD?7<�2D= V�B5/3;�;0-0/wEGF ;0<$6 1(B56�mJ/wBDmwmJ=3BDAC�:-025=�;:<�/ , mJ/ L9A�-06:8�;0-:/3EGF ;:B5<�r BDm3/J472D?U2�47�0��<�t�< �
=amJB5A�A�m � ��<�/ � A��0-02D= V]n7F0/3<$60;�;0<�/ , ��=wm3�925< V�BD/3; ;:-0/3EGF�;0BD< �~-0/wEGF0=wm3/ML9A�-0608�;0<�= F]25-:m3<�=
;0-:/3EGF�;0B5< O"�7/wmJ<$60?U2�47�:��<�;0�9A�B56:B5<�/am � u�A ;0B5< , mJ/ML7A�-0608�V]n7F0/3<$60;�t�<$B5;0<$6 \ �7/38�n76:89<�6���-
EGFh4K/J47?�mJ<$/3BD=3B5<$/3<$6��CVS<�/3;:<�6 � ��<���60�725;0=w��47F02D<�6�;0<)"060B5<$/wm �:<�B56:<
;0B�47=amJ�92DB5=wEGF0<
��<���60�92D;0=3��47F02
ReLdia

-060; <�BD60< = ��=amJ�92DB5=3EGF:<C��<���60�725;0=w��47F02
ReLsys

� �~BD< F]<�=amJB5A�A�-06:8�;0<�/�H
/MLJ_9<$6 ��-0/
F]BD25;0-:608 ;0<�/>��<���60�92D;0=3��47F02D<�6 y{=3BD<�F0< H
25<$B5EGFU-0608 � �+* } V�BD/3;�B5A�kl�72589<$60;0<�6�;h4K/389<$=wmJ<$252 m �

� A�BDmwmJ2D<�/3< H`<$=3EGF8V�B56:;0B589?K<�B m U
�

��B5<>ACB m3mJ2D<�/w<~H
<�=wEGF8V�B560;0BD89?7<$BDm]��-0/ F]<�=amJB5A�A�-06:8�;0<$/];0B547=wm3�925BD=3EGF0<$6 ��<���60�92D;0=3��47F02
V�BD/3; 47-:= ;:<�A , EGF:2�4787v7�925-:AC<$6��.;0<$/`;0B�47=amJ�92DB5=wEGF0<�6 ,.<$BDm
-06:; ;0<$/
p0t�<�/`;0B5<$=3<�,.<$BDm
87<�A�BDm3m3<�2 mJ< k�2�n7EGF0<
;:<�/�r BDm3/J472D?U2�47�0��< t�<�/w<�EGF060<
m �

U =
VSchlagvolumen

tDiastoleAMitralklappe

y � � � }
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��B5<
= ��=amJ�92DB5=3EGF:<���<���60�92D;0=3��47F02 V�BD/3;�ACB m";0<$/><$6�mJ=3�:/3<�EGF:<�60;0<$6 H`<$=3EGF8V�B56:;0B589?K<�B m

U =
VSchlagvolumen

tSystoleAAortenklappe

y � � � }

87<�t0BD25;0<
m �

� EGF047/J47?�m3<�/3BD=wm3B5=3EGF:< 5�n76:89< L
�

��B5<"EGFh47/347?�mJ<$/3B5=amJBD=3EGF0< 5�n76089<"BD=wm(;:<�/ ��-0/Pr�BDmJ/34725?U2547�0��<�6��lnKEGF0< y{t0� V � O"�9/wm3<�60?U2547� �
��<�6��ln7EGF0<�}>n �U-0B vK4725<$6Um3<`�~-0/wEGF0AC<$=3=w<�/ �

� A�BDmwmJ2D<�/3<�<WE�<�?�mJB v9< \ BD=3?7�7=3BDmJnKm µ̃eff

�
��B5<�ACB m3m325<�/w<"<WE�<�?�mJB v9<�; ��6h47A�B5=3EGF:<G\~B5=3?K�9=3B mGnKm

µ̃eff

V�B5/w; 47-:=];0<$/Pv7�925-0A�<�6:89<�A�BDm �
m3<�2 mJ<�6�< E.<$?Um3BDv7<�6�\~B5=w?7�9=wBDmGn@m

µ̃eff

-060;�;0<�/�,.<�B m�<�BD60<�=�, ��?U25-0=w=3<�=
T
t�<�=amJBDACA�m �

,.-:/ F]<$=wm3B5A�A�-0608 ;0<�/�v9�92D-0AC<$6089<$ACB m3mJ<$2Dm3<�6#<WE�<�?�mJB v9<$6 \~B5=w?7�9=wBDmGn@m
µ̃eff

V]<$/3;0<$6
;:B5< < E.<$?�mJBDv7<�6�\ BD=3?7�7=3BDmJnKmJ<$6 ;0<�/�,.<$252D<�6

µi
eff(Πs)

A�BDm�;0<�A �w<WVS<�BD25B587<�6#,.<$252Dv7�925- �
A�<�6

V i
A�-:2DmJBD�025BD��BD<�/wm��hp0t�<�/`;0B5< O�60��47F:2(;0<�/�,.<�2D25<$6

N
4K-:oq=3-0A�A�B5<�/am
-060; ;0-0/wEGF

;047=�H`<$=J47A�mwv9�92D-0A�<�6
VV entrikel

;:<�= \ <�6�mJ/wB5?K<�25=��$-0A ,.<�B mJ�0-:60?�m
tj
89<$m3<�B52 m �

µ̃eff |tj =

∑N
i=1 V i · µi

eff

VGesamt

|tj
y � �.- }

��B5<(v9�92D-0A�<�6089<$ACB m3m3<�2Dm3<�6 \~B5=3?K�9=3B mGnKm3<�6
µ̃eff |tj

VS<�/w;0<�6�4760=3EGF:25B5<W_9<�6:;�p0t�<�/�;0B5<S,.<$BDm
;:<�=�, ��?�2D-0=3=w<�=

T
89<$ACB m3m3<�2Dm �

µ̃eff =

∑M
j=1 µ̃eff |tj (tj+1 − tj)

T

y � �RK }

A�BDm
M =

O~60��47F02�;0<$/~,.<$BDm3=3EGF0/wBDm3m3<
.

� 4K= � -h47;0/34Km�;0<�/ 7 �9A�<�/w=32D<�����47F:2P?K<�606:��<�BDEGF060<
m�;h47= \ <$/3FhnK2DmJ6:B5=`�WV�BD=3EGF0<$6 ;0<�6 BD60=wmJ4 �
m3B5�96hnK/3<�6�z�/JnK89F0<�B mJ=w?�/3nKo mJ<$6 -:60; ;:<�6 �><$B5t0-06:89=3?U/Jn@o mJ<�6�-060;�B5=am V�B5<
oq�92D87m";0<�"h60B5<$/wm �

Wo2 =

B56:=wmG4@mJB5�76hn7/3<~z�/3n789F0<$BDmJ=w?U/JnKo m3<
�><$B5t0-:6089?U/JnKo m3< =

ρ · ω
µ̃eff

L2 y � �ZY }

,.-0/ � Fh47/347?�mJ<$/3B5=wB5<$/3-0608 ;0<�/ � 60=wmJ4KmJBD�96h47/wBDmJnKm`;0<�/ , mJ/ L9A�-06:8sB5=am�<$=�47-:=�;0<$6 89<�6047606�mJ<$6
H
/3p06:;0<�6�=wB5606�v9�7252 ��<�BD60< 7 �9A�<�/3=w25< � ��47F02�;0<�/�;:B�47=amJ�92DB5=3EGF:<�6 , m3/ML9A�-0608�-06:;�<$B560<IV]<$BDmJ<$/3<
�$-0/]1(/ao{47=3=w-0608�;:<�/P�(Fhn760�9A�<�6:<GV]n7F0/w<�60; ;:<�/ , ��=wmJ�725<���-C;0<)"h6:B5<�/w<�6 � �~BD<���-0/S�~<)"060BDm3B5�96
;0<$/>x`<$6060��47F025<$6 6:�7m V]<$60;0BD89<�6sH`/ LJ_9<$6 VS<�/w;0<�6PV�B5<
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µeff(γ̇) = µ∞ +
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µeff (γ̇) = µ∞ + (µ0 − µ∞)
1

(1 + (λγ̇b)a)
,

y � � �9� }

A�BDm�;0<�6#��47/J4KAC<
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µ∞ = 0.003Pas, µ0 = 0.01315Pas, λ = 0.5s, a = 0.3
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b = 1.7
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∮
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∮
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Netz−
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bedingungen
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1−2

Netz zum Zeitpunkt t1

2

Verschiebungsvektoren

Netz zum Zeitpunkt t

Netz zum Zeitpunkt t
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=w�0/3-0EGF � � 47A�BDm>BD=wm�;0B5< O~6:oq�9/w;0<�/w-0608 <$B560<$=��loqp0/~A�<�;:B5��BD60B5=wEGF0< O~68VS<�60;0-:6089<�6 ��47?U��<�� mG4 �
t02D<�A ,.<�BDm3/J47F:AC<$6 oqp0/�;0B5<`�~-:/3EGF:oqp0F:/3-0608C;0<�/ , BDA�-0254KmJBD�960<�6 <�/woqp:252Dm �

� � � ��� � � 	 ("! �
�~BD< r�� ;0<$252DB5<�/w-0608#;0<$/ S BDEGF�m �XS <WV"m3�960=3EGF:<�6 1(B589<$60=3EGF04Ko mJ<$6 ;0<�= F]25- mJ<�= V�B5/w; A�BDmwmJ<�2D=
;0<$=�BD6�x 4K�0BDm3<�2 � �RK �+* v7�9/387<�=wm3<�2D2DmJ<$6 � /w�9=3= � r ��;0<$2525=�A�BDm";:<�6s6047EGFIu>6Um3<�/w=3-0EGFU-06087<�6 v9�96
��<�/3?�m3F0�925; 8 �[H2: t�<�=amJB5A�A�m3<�6#�!4K/J47A�<$m3<�/36 /3<�4725BD=3BD<�/wm � u>A�;0BD<@O~-0=UV�B5/3?U-06:89<�6 ;0<�=�v9<$/ �
VS<�60;:<$mJ<$6 r ��;0<�2D25=���- -:6Um3<�/w=3-0EGF0<$6�� V�BD/3; ;:B5< , mJ/ L9A�-0608 B56 <�BD60<�A ���9F0/�ACB m�<�BD60<�/
<$B56089<$t0/J4KEGFUm3<�6 F]2D<�60;0< <$B560<$= S < V"mJ�960=wEGF0<�6 r <�;:B5-0A ACB m ;0<$/
;0<�=`A�� ;0<$252DB5<�/amJ<$6 S B5EGF�m �
S <WV"mJ�760=3EGF0<$6 r <$;0B5-0A v9<�/w8925BDEGF0<�6 �
r B m3m3<�25=];0B5<$=3<�/>x>�96�"h89-:/J4Km3B5�96 V�BD/3;�;h47= \ <$/3Fh472 mJ<$6�;:<�/ , m3/ML9A�-:608�B5A F]<�/w<�B5EGF�;0<$/GO"�7/ �
m3<�60?U2�4K�0��<SAC��;0<$2525BD<�/am ��;h4 ;:B5<]�$-�<�/UV�4K/wmJ<$60;0<$6 �~B+E.<$/3<$60��<$6 ;0<�/ , EGF0<�/w89<�=wEGF4V�BD60;0BD89?7<$BDmJ<$6
-06:;C;0<$/(;h47A�BDm�v7<�/wt0-060;0<$60< 1(BD6��h-0=w=P;:<�= S BDEGFUm �XS <WV"mJ�760=3EGF0<$6�r <$;0B5-0A�= 476�;0B5<$=3<$/ , mJ<$2 �
2D<`47A�89/ LJ_7m3<�6�B5=am �
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�~<$/ \ <�/w8925<$B5EGF ;0<$/ , mJ/ L9A�-06087<�6 V�B5/w;�476 <�BD60<�/(/w-060;0<$6
F]25<$60;0< yqm3<�BD2 VS<�B5=w<�89<WL[E.6:<$mJ< O"�7/ �
m3<�60?U2�4K�0��<�}];0<�=��~-0/wEGF0A�<�=3=w<�/w=

d = 8mm
v9�9/w89<�60�7ACA�<�6 �

�~BD<
-06�mJ<$/3=3-:EGFUm3< x��76�"h89-0/34KmJBD�96�=3BD60;�B56 O~t:t0B52D;0-0608 �:�+*J* ;h47/w89<�=amJ<�2D2Dm �

O�t0t0B52D;0-0608 �:�+*J* �Nx��96�"089-0/J4@mJB5�76 ;:<�/ u�6�mJ<$/3=w-0EGFU-0608 ;0<$= 1(BD6��h-0=w=3<�= ;0<�= S B5EGF�m �
S <WV"mJ�760=3EGF0<$6 r <$;0B5-0A�=

�~BD< , BDA�-0254KmJBD�96C;:<�= S < V"mJ�96:=3EGF0<$6Ir <$;0B5-:AC= V�B5/3;�A�BDmS;0<$/�ACB m3m325<�/w<�6�<WE�<�?�mJB v9<$6P\~B5=3?K� �
=wBDmGn@m

µeff

;0-:/3EGF089<
oqp0F0/am �6V]<$25EGF0< �	V�BD<�BD6sx`47�0B mJ<$2 � ��� t�<�=3EGF:/3B5<$t�<$6 V�B5/w;��l47-0=�;0<�/ \ �92D- �
A�<�60A�BDmwmJ<$25-0608�;0<�= \ <�/w2�47-:oq=";:<�/ \ BD=3?7�7=3BDmJnKm�;0<$/ S B5EGF�m � S < V"mJ�960=wEGF0<�6 , B5A�-:2�4Km3B5�96 oq�72587m �
�~BD< \ <�/amJ<$B525-:608
;0<�/(< E.<$?�mJBDv7<�6 \ BD=3?7�7=3BDmJnKm

µeff

-:60;�;0<�/ , EGF:<�/387<�=3EGF8V�BD60;0B587?7<�B mJ<$6
Πs

;0<�/
S B5EGF�m � S <WV"m3�960=wEGF0<�6 , B5A�-0254KmJBD�96 =wB560;�BD6�;:<�6PO~t0t0BD25;0-:608 �:� * � -:60; � � * � ;h4K/389<$=wmJ<$252 m �

O�t0t0B52D;0-0608 �:�+*[� � \ <�/amJ<�BD25-06:8 ;0<$/ <WE�<�?�mJB v9<$6 \ B5=w?7�9=wBDmJnKm <$B560<$= S BDEGFUm �XS <WV"mJ�760=3EGF0<$6 r < �
;0BD-0A�="47A F]<$B5=w�0B5<$2^<�BD60<�/>�~-0/wEGF0=wm3/ML9A�-0608�<�B56:<�/GF]25<$60;0<

�~<$/ \ <�/32547-:o�;0<$/>< E.<$?�mJBDv7<�6P\ B5=w?7�9=wBDmJnKm
µeff

-060;�;0B5< v7�925-:AC<$6089<�A�BDmwmJ<$2DmJ<�<WE�<�?�mJB v9< \ BD= �
?K�9=3B mGnKm

µeff

;0<�/ , BDA�-02�4@mJB5�76N;0<�= S < V"mJ�96:=3EGF0<$6 r <�;0BD-0A�=�=wB560; B5A �~B�4787/J47A�A �:�+*<-
;h4K/389<$=wmJ<$252 m �
�~BD<`�!47/347A�<$mJ<$/�;0<�/ , BDA�-02�4@mJB5�760<�6C=3B56:; BD6�;:<�/�z!4Kt�<$2525< �:� * ;h4K/389<$=wmJ<$252 m �
� 6 ;0<$/ O~t0t:B525;:-0608 �:�+*9K =wB560; �$-0A�\ <$/3892D<�BDEGF�;0B5< �@� ;0BDAC<$60=3BD�96h472D<�6�H`<$=3EGF8V�B56:;0B589?K<�B mJ=3�:/3� �
"h2D<C;:<�/ , B5A�-0254KmJBD�960<$6 A�BDm S BDEGF�m �XS <WV"m3�960=3EGF:<�A -:60; ;0<$/ , B5A�-02�4Km3B5�96:<�6 ACB m S <WV"m3�96 �
=wEGF0<�A�r <�;0BD-0A ;h47/387<�=wm3<�2D2Dm � �~BD<�H
<�=3EGF8V�BD60;0B587?7<�B mJ<$6 =3B56:;IACB m~;:<�/ O�60=wm3/ML9A�89<�=wEGF8V�B56 �
;0BD89?7<$BDm"<$6�mJ;0BDAC<$60=3BD�960B5<$/wm �
�~BD<`���9=wBDm3B5�960<$6�;0<�/�;h47/w89<�=amJ<$252Dm3<�6 , EGF06:BDm3m3<`=3B56:;�;:<�/�z!4Kt�<$2525< � ��� ��-�<�6�m360<�F0A�<�6 �
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O�t0t0B52D;0-0608 �:� *�� �C\ <�/amJ<$B525-:608�;0<$/ , EGF0<�/w89<�=wEGF8V�B560;0BD89?7<$BDm�<�BD60<�= S B5EGF�m � S <WV"m3�960=wEGF0<�6Ir < �
;0BD-0A�="47A F]<$B5=w�0B5<$2^<�BD60<�/>�~-0/wEGF0=wm3/ML9A�-0608�<�B56:<�/GF]25<$60;0<

µeff

µeff

Πs

 0.005

 0.007

 0.009

 0.011

 0.013

 0.003
 0.001  0.01  0.1  1  10  100  1000  10000

µeff

O�t0t0B52D;0-0608 � � *<- � \ <�/w2�47-:oP;0<$/�\ B5=w?7�9=wBDmJnKm
µeff

-060; ;0B5<�v7�925-:AC<$6089<�A�BDmwmJ<$2DmJ<]\ BD=3?7�7=3BDmJnKm
µeff
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S <WV"m3�960=wEGF0<�=~k!25-0BD; S BDEGF�m �XS <WV"m3�960=3EGF:<�= k�25-0BD;
���9F0/w;0-0/3EGF:AC<$=3=3<$/

D 0, 02m���9F0/w2�n76:89<
L 10D���9=wBDm3B5�96�;0<$/IFS25<�6:;0<

5DH`<$=3EGF8V�B560;:B589?K<�BDm
u 0, 3m/s�~B5EGF�m3<

ρ 1008kg/m3\ BD=3?7�7=3BDmJnKm
µ

?7�760=wmJ476�m��
0, 00785kg/ms

A�� ; �0� /3�9=w= � r � ;:<�252
��<���60�92D;0=3��47F02

ReD 770, 45,.<$252D<�6
100650��4K-0AC;:B5=3?U/w<$mJBD=3BD<�/3-:608 r�O � ,

O~2587�9/3B mJF0A�-:= , � r � 5�1
,.<�B mJ;0BD=3?U/3<
mJB5=wB5<$/3-0608 =amG4Km3B5�960n7/3<
��<�EGF:6�-:608

z�47t�<�252D< � � * � �!4K/J47A�<$m3<�/ ;:<�/ \ <$/3892D<�B5EGF:=3/3<$EGF06U-06089<$6 ;0<�/ , mJ/ML7A�-0608�<$B560<$= S B5EGF�m �
S <WV"mJ�760=3EGF0<$6I-060;�<�BD60<�= S <WV"mJ�760=3EGF0<$6 r <$;0B5-0A�=

, EGF06:BDm3m S / � ���9=wBDm3B5�96�� /3<$2 � ��-0/GF]2D<�60;0<
� �a� �
�3� � * �
�w�3� � �
� \ * �
\ � �

z�47t�<�252D< �:� � �l� 47/w89<�=amJ<$252Dm3< , EGF060B m3m3<�t�<�60<$6s;0<$/ \ <$/3892D<�BDEGF0=3/w<�EGF06U-06087<�6I;0<$/ , mJ/ L9A�-0608�<$B �
60<$= S B5EGF�m �XS < V"mJ�96:=3EGF0<$6I-060;�<�BD60<�= S < V"mJ�96:=3EGF0<$6 r <�;:B5-0A�=�B56@O~t:t0B52D;0-0608 �:�+*9K
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Newtonsche Simulation

Nicht−Newtonsche Simulation

u
u 8

O�t0t0B52D;0-0608 �:�+*9K �J\ <$/3892D<�B5EGF�;0<$/];0/w<�B5;:B5A�<�60=wB5�96h4K25<�6�H
<�=wEGF8V�B560;0BD89?7<$BDm3=3�0/w� "h25<�v9�76 , B5A�- �
254KmJBD�960<�6 <�BD60<�= S B5EGF�m � S < V"mJ�960=wEGF0<�6 r <$;0B5-0A�= -06:;d<�B56:<�= S <WV"mJ�760=3EGF0<$6 k�25-0BD; F0BD6Um3<�/
<$B560<$/ F]25<$60;0< �

u∞ = 0.3m/s
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�~BD< , mJ/3�7AC2DB560BD<�6�;0<�/Sv9�9/w89<�=amJ<�2D2Dm3<�6 ��<�EGF:6�-:608�=3B56:; B56 O~t0t:B525;:-0608 � � *&Y ;h47/w89<�=amJ<�2D2Dm � O�A
\ <$/32�4K-:ol;0<�/ , mJ/3�7AC2DB560BD<�6 ��<�BD87m�=wB5EGF�<�BD6 89<�/wB5608Koqp089B58�?U25<�BD60<�/w<�= O�t02 L7=3<�87<�t0BD<$m(BDA kl472D25<P;0<�=
S <WV"mJ�760=3EGF0<$6 r�<�;0BD-0AC=�47A 1(60;:<�;0<�=(;047/389<$=wm3<�252 mJ<$6�F]<�/w<�BDEGF0<�= � �~B5< F]<��9t047EGF�mJ-0608`?@47606

u
u 8

Newtonsche Simulationen

Nicht−Newtonsche Simulationen 1.0

2.0

1.5

0.5

0.0

O�t0t0B52D;0-0608 �:�+*&Y �J\ <$/3892D<�BDEGFC;0<$/ , mJ/3�7AC2DB560BD<�6 -060;C;0<�/]H
<�=3EGF8V�BD60;0B587?7<�B mJ=wt�<
mJ/JnK89<>v7�96 , B �
A�-:2�4Km3B5�960<$6�<�B56:<�= S B5EGF�m � S < V"mJ�960=wEGF0<�6�r�<�;0BD-0AC=P-060; <�B56:<�= S <WV"m3�960=wEGF0<�6�k!2D-0B5;�F0BD6Um3<�/
<$B560<$/ F]25<$60;0< �

u∞ = 0.3m/s

;0-:/3EGF <$B560<$6 \ <$/3892D<�BDEGF � V�B5=wEGF0<�6 ;:<�6 � /w� "h2D<�6 B5A O�t0=wmJ4760;
2D

;0<�/]F]2D<�60;0<�t�<�=amGnKm3B587m
VS<�/w;0<�6 y{=wB5<�F:< O~t0t:B525;:-0608 �:�+*9/ } � � 4K=`� /w� "h2�;:<�/ S B5EGF�m � S <WV"m3�960=wEGF0<�6 �><$EGF06U-0608���<�BD87m
<$B560<�=3EGF0254760?K<�/3<�H`<$=wmG4K2Dm�ACB m`F L9F0<$/3<�6 H
/J4K;0B5<$6Um3<�6 � O�-0=�x>�96�mJB56U-0B mGnKm3=389/wp060;0<$6 B5=am�;:B5<
AC42 B5AC4725<~H
<�=3EGF8V�BD60;0B587?7<�B m>;0B5<$=3<�=��(/3� "025<�="FCL9F0<�/ �
7WBD<��$- <$/ V]47/wm3<�6���-06:; ;0<$/�<$6Um3�0/3<$EGF0<�6:;0<�6 5�BDm3<�/34KmJ-0/
�$- <$6Um360<�F:AC<$6 8 �[Y�: �68 ^�: ��B5=am ;0<�/
1(B56��h-0=3= ;0<$/ S B5EGF�m � S <WV"m3�960=wEGF0<�6 1(BD89<�60=wEGFh4Ko m3<�6 BD6 87/3�J_9<$6 H
<$o{nQ_9<�6 ��- v9<�/w6h47EGF025n7=3=wB �
89<$6 �
�~<$/ \ <$/3892D<�BDEGFC;0<$="H
<�=wEGF4V�BD60;0BD89?7<$BDmJ=w�0/3��"h25=S47-0=P;0<�/S6U-0AC<$/3BD=3EGF0<$6 , B5A�-02�4Km3B5�96�-060; ;:<�A
4760472 �UmJBD=3EGF0<$6 H`<$=3EGF8V�B560;:B589?K<�BDm3=3�0/w� "h2�25n7=3=am�=3B5EGF�A�BDm�;:<�A�v7�9/389<$=wm3<�252 mJ<$6 1(/w89<�t06:B5=�60B5EGF�m
476:=wmJ<$252D<�6 � ,.-:A <�B56:<�6�=3B56:; ;0BD<`1(B5602547-:oq=wm3/3<$EG?7<�6sB56�;0<�6 6U-0AC<$/3BD=3EGF0<$6 , BDA�-02�4@mJB5�76 60B5EGF�m
47-:=3/3<$B5EGF0<$60;s�$-0/>?7�9A��025<
m3m3<�6 O~-0=wt0B52D;0-0608�;0<$=~�(/3��"h25=��h��-0A 4K60;0<�/w<�6 B5=wm>;0BD<�O~-�� L9=3-06:8
BD6 ;0<$/��(/w� "h25A�BDmwmJ< �$- H
-060=wm3<�6 <$B560<$/�FCL9F0<�/w<�6 O�-�� L9=w-0608 B5A �>4760;0t�<�/w<�B5EGF ��- 89<�/wB5608
-0A�;h47="m ���0B5=wEGF0<�4Kt089< �h47EGF�mJ<�H`<$=3EGF8V�B560;:B589?K<�BDm3=3�0/w� "h2Pyq=3B5<$F0< 8 �QY�: }�4Kt0��-0t:B525;:<�6 �

� � � ��� � � 	 �)�"�"("���'!�� � 	 ��� ����� � % �"+���� ���
�~BD<�|><�/3�$?U2�47�0��<�6�=3B56:;��h47=w=3BDv�89<$=wmJ<$-0<�/amJ<�1(25<$AC<$6�mJ< �9VS<�25EGF:<�6U-0/(47-:oq87/3-060;�;0<�=(4K6025BD<�89<$6 �
;0<$6��~/w-0EG?7<$="89<`L[E�60<
m�t0� V � 89<$=3EGF02D�9=3=w<�6 VS<�/3;:<�6 � u�6�mJ<$/3=3-:EGF�-:6089<�6�A�BDmP47?�mJB v�t�< V]<$87mJ<$6
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Nicht−Newtonsche Simulation

Newtonsche Simulation

u
u 8

O�t0t0B52D;0-0608 �:�+*9/ � \ <�/38725<�BDEGFW;0<�/�;0/w<�B5;:B5A�<�60=wB5�96h4K25<�6 H
<�=wEGF8V�B560;0BD89?7<$BDm3=3�0/w� "h25< v7�96 , B �
A�-:2�4Km3B5�960<$6N<�BD60<�= S B5EGF�m � S < V"mJ�960=wEGF0<�6�r <�;0BD-0A�=�-060;W<�BD60<�= S < V"mJ�96:=3EGF0<$6�k!25-:B5;NBDA
O�t0=wmJ4760; � � �$- <$B560<$/ F]25<$60;0< �

u∞ = 0.3m/s
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1(25<$AC<$6�mJ<�6��$<�B587<�6��K;h47=3= ;0BD< , m3/ML9A�-:608
B5F0/w<�/w=3<�B mJ=�;:-0/3EGF�;0BD<"47-:oq89<$�0/JnK87mJ< F]< V]<$89-0608`t�< �
<$B56��h-:=3=wm V�BD/3;��[V]47= ��-�o{472D=3EGF0<$6 1(/387<�t060BD=3=w<�6�oqp0F0/wm � �~B5<�x>�960=w< �U-0<�6:�~47-:=P;:B5<�=w<�6Cu�6�mJ<$/ �
=w-0EGFU-06089<$6�B5=wmP;0BD< S �7m VS<�60;0BD89?7<$BDmS<�BD60<�/ , m3/3-0?�mJ-:/ �U, mJ/ML7A�-06089=wAC<$EGFh4760BD=3EGF0<$6�x��9�:�025-06:8 �
� A ��47F:AC<$6 ;:B5<�=w<�/�O�/3t�<�BDm2V�B5/3; 47- o~;0BD<�=w<�x��9�0�:25-0608 v7<�/3�$B5EGF�mJ<
m � u�A ;0B5< , mJ/ML7A�-0608
BDA \ <�6�mJ/wB5?K<�2�;0<�6:60� EGF /3<�4725BD=wmJBD=3EGF 47t0�$-0t0B52D;0<�6 � V�B5/3; B56#;0<$6 F0BD<�/�;0-0/wEGF089<
oqp0F0/wm3<�6 , B �
A�-:2�4Km3B5�960<$6 <�BD6 � � ;0BDAC<$60=3BD�96h472D<�=
x
2�4K�0��<$60A�� ;0<$252�<�6�m V�B5EG?K<�2 m ��;0<�=w=3<$6 1(B56��h-:=3=�47-:o�;:B5<
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Vorlaufdruck (Vorlast)Nachlaufdruck (Nachlast)

Kreislaufwiderstand

Model der Mitralklappe
Model der Aortenklappe

Generischer VorhofGenerische Aortenwurzel
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,.-0/ \ <�/wB#"h?@4Km3B5�96�;0<$/~892D�9th472D<�6 , m3/ML9A�-:6089=3=amJ/w-0?�mJ-0/ VS<�/w;0<�6I1 /w89<�t:60B5=w=3<�v7�96 k!2D-0=3=wAC<$= �
=w-06089<$6 ;0<$= -:6Um3<�/w=3-0EGF�mJ<$6 \ <�6�m3/3B5?K<�2D= A�BDms;0<�6 1(/389<$t060BD=3=3<$6 ;0<$/ , B5A�-:2�4Km3B5�96 v9<�/w8925B �
EGF0<$6 � �~BD<`k!25-0=w=3A�<�=w=3-06087<�6�=3B56:;�o{4K/3t02DB5EGF�?7��;0BD<�/wm3< H`<$=3EGF8V�B56:;0B589?K<�B mJ=3BD6:oq�9/wA 4Km3B5�96:<�6 <$B �
60<$/>x��9A����760<�6�mJ<
;:<�=~H`<$=3EGF8V�B560;:B589?K<�BDm3=wv7<�?�mJ�9/w=~=w<�60?U/3<$EGF�m ��-:/GO�-:oq6h47F:AC<$<�t�<�60< �
�~BD<�r <$=3=3-:608 ;:<�/
k!2D-0=3=w;h4Km3<�6 <�/aoq�92587m~B56I;:<�/3=w<�2Dt�<$6 1(t�<�60< V�BD<�;0BD<�rs�!z � O~-:oq6h4KF0AC<$6 �
� 4KF0<�/ 2�n[_Km`=3B5EGF ;0B5<�47-:=�;0<$6#rs�!z � O~-:oq6047F0A�<�6 =3<�87AC<$6Um3B5<$/wmJ<Cx��76Um3-0/ ;0<�=]\ <�6�mJ/wB5?7<$25=
BD6 ;:B5< O~-:oq6047F0A�<�6 ;0<�=�k!25-0=w=3<$=�p0t�<�/amJ/34789<�6 � �~B5<Crs�!z � O~-:oq6047F0A�<�-:60; ;0BD<���-089<$F L9/wB �
89<C89<�=wEGF8V�B560;0BD89?7<$BDm3=3?7��;0BD<�/wm3<�k!2D-0=3=347-:oq6h47F:AC<�ACB m ;0<�/ x>�96�mJ-0/�;0<�= \ <�6�mJ/wB5?7<$25=�=3B56:; B56
;0<$/ O~t0t:B525;:-0608 �:� �Q- ;h47/w89<�=amJ<$252Dm � ���7m(?K� ;0BD<�/amJ<>H
<�=3EGF8V�BD60;0B587?7<�B m t�<$;0<�- mJ<$mP<$B560<"���9=3B mJB v9<
��B5EGF�mJ-:608 �^t02547- ?7��;0B5<$/wm
t�<�;:<�-:m3<$m�<�B56:< 60<�8�4@mJBDv7<�H`<$=3EGF8V�B56:;0B589?K<�B mJ=3/wB5EGF�mJ-:608 =w<�60?U/w<�EGF�m
�$-0/>� 47/3=amJ<$2525-:6089=3<$t�<$60< �

MRT Flussmessung
O�t0t0B52D;0-0608 �:���7- ��rs�!z � O~-:oq6047F0A�<�-060; ��-:89<�F L7/3B587<�o{47/3t0?K� ;:B5<�/amJ< k�25-0=w=3A�<�=3=w-0608 y{t:2�47-
<$6Um3=3�0/wB5EGF�md60<$8�4Km3BDv9<$/dH
<�=wEGF4V�BD60;0BD89?7<$BDmJ=w?7�9A����960<�6�m3<�=3<$60?U/3<$EGFUm ��-0/ 1(t�<$60< �C/3�7m <�6�m �
=w�0/3BDEGFUmS���9=3B mJBDv7<�/]H`<$=3EGF8V�B56:;0B589?K<�B mJ=3?K�9A����96:<�6�mJ<�}PA�BDm <�BD6089<$��<�BDEGF060<
mJ<�/ \ <�6�mJ/wB5?K<�25?K�96�mJ-0/

�~BD<�/3�Km(t0�WV � t02�47- ?K� ;:B5<�/amJ<$6 F]<�/w<�B5EGF:< VS<�/w;0<�6�B56�;0<�6�k!2D-0=3=w;h4KmJ<$6�-0AC/34760;0<
m(-060;�;0BD<�=3�
<$6Um3=wmJ4760;0<$60<�6 |IL9F:<�602DB560BD<�6sBD6I;0BD<�<�6�m3=3�0/w<�EGF0<$60;0<�6 ,.<�B mJ�0-06:?Um3<�;0<$/ , B5A�-02�4Km3B5�96:=3<�/w89<�t �
60BD=3=w< p:t�<$/wmJ/34789<$6 � �~B5< � t�<$/wm3/J4789-:608�B5=wm�t�<�BD=3�0BD<�2D= VS<�B5=w<`B56 O~t0t:B525;:-0608 �:� �JK ;h47/w89<�=amJ<�2D2Dm �
�~<$/ \ <�/w8925<$B5EGF��WV�BD=3EGF0<$6C;0<$6��U47-0= k�25-0=w=3A�<�=3=w-06089<$6C<$60=wmJ4760;0<$60<�6 |IL9F:<�602DB560BD<�6��@-060;�;0<�6
1(/387<�t060BD=3=w<�6s;:<�/ , B5A�-02�4Km3B5�96C=3BD60;�;0<�6�O~t0t0BD25;0-:6089<�6 �:� �[Y t0BD= �:���Q^ ;047/389<$=wm3<�252 m �
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O�t0t0B52D;0-0608 �:� �JK � � t�<$/wmJ/34789-06:8�;0<$/]|GL9F0<�6:25B56:B5<�6C47-0=P;0<$=�k!2D-0=3=wAC<$=3=3-:6089<�6 B56�;0B5< , B5A�- �
254KmJBD�960=3<$/389<$t060BD=3=3<

�~<$/�=w<�A�B �U-h476�m3BDmG4@mJBDv7<�\ <�/38725<�BDEGF � V�B5=wEGF0<�6I;:<�6 1(/387<�t060BD=3=w<�6I;0<$/ r�<�=3=w-0608 -:60;s;0<$/ , B �
A�-:2�4Km3B5�96 ��<�BD87m
<$B560<�=w<�F0/`89- mJ< � t�<$/3<�BD60=wm3B5A�A�-0608 � �~BD<�F]<$/3<�BDEGF0<�;0<�/ �w< V]<$B52DB589<$6 �>BDEGF �
m3-0608�;:<�/]H`<$=3EGF8V�B560;:B589?K<�BDm3=3?K�9AC���960<$6�mJ<~=amJBDACA�<�6�=3�&VS�9F02�B56�B5F0/w<�/P���9=wBDm3B5�96C4725=P47-:EGF B56
BDF0/3<$/>H`/ LJ_9<
p0t�<�/w<�B56 �
�~-:/3EGF�;:<�6 \ <�/38725<�BDEGF`;0<�/���B5EGF�mJ-06:89<�6 ;0<�/�H
<�=wEGF4V�BD60;0BD89?7<$BDmJ=w?7�9A����960<�6�m3<S-06:;�;0BD<(25�9?@472D<
,.-0�7/3;06U-0608`;0<$/SH`<$=3EGF8V�B560;:B589?K<�BDm3=3AC42 B5AC4 B5=am =3B5EGF:<�/387<�=wm3<�2D2Dm �7;h47=3= ;0BD<"8925�7th4725< , mJ/w-0?�mJ-0/
472D=P1 /w89<�t:60B5= ;0<$/ , BDA�-0254KmJBD�96�;0BD< , mJ/3-:?Um3-0/]BDA -06�m3<�/3=w-0EGF�mJ<$6 \ <$6�mJ/3BD?7<$2�87-:m V�B5<�;:<�/387B5t:m �
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maxu

maxu

V *

1 t *

V *

1 t *

O�t0t0B52D;0-0608 �:� �[Y �J\ <$/3892D<�BDEGFC;0<$/P|IL9F0<$6025BD60B5<$6�47-0=P;0<�6 k!25-0=w=3A�<�=w=3-06087<�6 -:60; ;0<$6 1(/387<�t �
60BD=3=w<�=�;0<�/ , BDA�-0254KmJBD�96��4V�n7F:/3<�6:;s;0<$/��~B�47=amJ�92D<

maxu

maxu

V *

1 t *

V *

1 t *

O�t0t0B52D;0-0608 �:� �J/ �J\ <$/3892D<�BDEGFC;0<$/P|IL9F0<$6025BD60B5<$6�47-0=P;0<�6 k!25-0=w=3A�<�=w=3-06087<�6 -:60; ;0<$6 1(/387<�t �
60BD=3=w<�=�;0<�/ , BDA�-0254KmJBD�96�����-0A 1(60;:<�;0<$/>�~B�47=amJ�92D<
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maxu

maxu

V *

1 t *

V *

1 t *

O�t0t0B52D;0-0608 �:� �[^ �J\ <$/3892D<�BDEGFC;0<$/P|IL9F0<$6025BD60B5<$6�47-0=P;0<�6 k!25-0=w=3A�<�=w=3-06087<�6 -:60; ;0<$6 1(/387<�t �
60BD=3=w<�=�;0<�/ , BDA�-0254KmJBD�96�����-0A 1(60;:<�;0<$/ , ��=wmJ�725<
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� A oq�92587<�60;0<$6 x`47�0BDm3<�2(V]<$/3;0<$6 ;:B5< 1(/387<�t060BD=3=w< ;0<�=
=wB5A�-02DB5<$/wmJ<$6�\ <$6Um3/3BD?7<�2D= v9�9/w89<�=amJ<$252Dm �
� 4K=
,.B5<$2�;0<�/~u�6�mJ<$/3=3-:EGF�-:6089<�6 B5=am ;0BD< O�-0= VS<�/amJ-06:8�;:<�/ , mJ/ML7A�-06089=w=wm3/3-0?�mJ-:/ =3�&V�B5<�;h47=
\ <$/3=wmJn760;06:B5=�;0<$/ , m3/ML9A�-0608IBDA 2DB560?K<�6 \ <$6�mJ/3BD?7<$2 � �~B5<$=3<�1(/3?K<�606�mJ6:B5=3=w<�t0B52D;0<�6 ;0B5< F�4 �
=wB5=�oqp:/IVS<�BDm3<�/w< kh�9/3=wEGF�-:6089=J4K/3t�<�BDm3<�6 BDA F]<�/w<�B5EGF ;:<�/I\ <$6�mJ/3BD?7<$25=wm3/ML9A�-0608 ��B56 ;0<�60<$6 ;0<�/
\ <$/3892D<�B5EGFd� V�B5=wEGF0<�6 ;0<�A <�/3?U/34760?�mJ<$6 -06:; ;:<�A 89<$=3-06:;0<�6 \ <�6�mJ/wB5?K<�2
t�<���p:8925BDEGFdB5F0/w<�/
kh-060?�m3B5�96h4K25BDmJnKm]476089<$=wmJ<$252 m V]<$/3;0<$6 �
�~BD<��0F � =wB5�92D�989BD=3EGF0<$6 �!4K/J47A�<$m3<�/P;0<�= \ <�6�mJ/wB5?7<$25=P=3BD60; BD6Cz�47t�<�252D< -0�+* �U;0B5< O~604KmJ�9A�B5=wEGF0<�6
��47/J47A�<$m3<�/�BD6 z!4Kt�<$2525< -0��� �7;0BD< � Fh47/347?�mJ<�/wB5=amJB5=wEGF0<�H`/ LJ_9<$6 ��-0/ F]BD25;0-:608
;0<�/(;:B5A�<�60=wB5�960= �
2D�9=3<$6 x
<$6060��4KF025<$6 BD6�;0<�/�z�47t�<$252D< -0� � -:60; ;:B5<
;h47/347-0="/w<�=3-:2DmJBD<�/w<�60;0<$6 ;:B5A�<�60=wB5�960=w25�9=w<�6
x
<�6:60��47F:25<�6�;0<$/ , B5A�-0254KmJBD�96 BD6�z!47t�<�2D25< -:�Z- ;h47/w89<�=amJ<$252Dm �

, EGF:2�4787v7�925-:AC<$6
7, 510−5m3

�(-02D=
1Hz\ �9/w2�47- oq;0/3-0EG?
500PaS 47EGF02�4K-:oq;0/3-:EG?
16062Pa, ��=amJ�92DB5=3EGF:<�,.<$BDm
0, 389s�~B547=wm3�925BD=3EGF0< ,.<$BDm
0, 611s

z!4Kt�<$2525< -0� * �h�(F ��=wB5�92D�989B5=wEGF0< �!47/347A�<$mJ<$/";0<�= \ <�6�m3/3B5?K<�2D=

� 4K= \ �925-0A�<�6 � ,.<�B m3v7<�/32547-:o � �~B�4787/J47A�A ;:<�= -06�mJ<$/3=w-0EGF�mJ<�6 \ <�6�mJ/wB5?K<�25= BD=wm BD6 O~t:t0B52D;0-0608
-0�+* ;h47/387<�=wm3<�2D2Dm � �~B5<�,.<�B mJ�0-:60?�mJ<>;0<�/Sx
2�47�0��<�6CL[E.6U-06:8 � t0� V �#, EGF02DB5<`_7-0608 =3B56:;CBD6C;0<$/ O~t �
t0BD25;0-:608I89<$?7<�6:60��<$B5EGF060<
m � � 47= \ �725-0A�<�6 BD=wm�47-:o>;h47= <$60;0= ��=amJ�92DB5=3EGF:< \ �725-0A�<�6

V0

��;:B5<
;0BDAC<$60=3BD�960=w25�9=w<`,.<�B m"B5=am>47-:o�;:B5< ,.<�B m"<�BD60<�=�, ��?U25-0=w=3<$=
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t�<$���989<$6 �

� 6�z!4Kt�<$2525< -0� K =wB560;�;0B5<
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1(60;0= ��=wmJ�725B5=wEGF0<�=G\ �925-:AC<$6
7, 510−5m3

1(60;0;:B�47=amJ�92DB5=3EGF:<�= \ �925-:AC<$6
1510−5m3

k!25n7EGF0<
;0<$/�r BDm3/J472D?�2547�0��<
528mm2

k!25n7EGF0<
;0<$/ O"�9/wm3<�60?U2�4K�0��<
285mm2

z�47t�<�2D25< -0� � � O�6h4Km3�9ACBD=3EGF0< ��47/J47A�<$m3<�/";0<$=G\ <$6�mJ/3BD?7<$25=

A�BDm3m325<$/3<
H
<�=wEGF8V�B560;0BD89?7<$BDm�y ��B�47=amJ�92D< }
cDia 0, 232m/sA�BDmwmJ25<$/3<`H
<�=wEGF8V�B560;0BD89?7<$BDm�y , � =amJ�92D< }
cSys 0, 676m/sA�BDmwmJ2D<�/3<I\ B5=w?7�9=wBDmJnKm

0, 0082kg/ms��B5EGF�mJ<
1008kg/m3

z�47t�<�252D< -0� � � � Fh4K/J47?�mJ<$/3BD=wmJBD=3EGF0< H`/ LJ_9<$6 ��-0/ F]B52D;0-0608 ;0<$/];0BDAC<$60=3BD�960=32D�9=3<$6 x
<�6:60��47F:25<�6

��<���60�92D;0=3��47F02Py , ��=wmJ�725B5=wEGFl}
1578, 87��<���60�92D;0=3��47F02Py{�~B�47=amJ�92DB5=wEGFl}
738, 647 �9A�<�/3=w25< � ��47F02Py , ��=wmJ�725B5=wEGFl}
13, 727 �9A�<�/3=w25< � ��47F02Py{�~B�47=amJ�92DB5=wEGFl}
10, 96

z�47t�<�2D25< -0�.- �l�(F ��=3B5?@472DB5=wEGF0< �!47/347AC<
mJ<$/";0<�/ , BDA�-02�4@mJB5�76

/3n7-0A�25B5EGF:<�="�~BD=3?U/3<
mJBD=3B5<$/3-06:89=wv7<�/wo{4KF0/3<$6 r�O � ,
�$<�BDm325BDEGF0<�=��~BD=3?U/3<
mJBD=3B5<$/3-06:89=wv7<�/wo{4KF0/3<$6 1 -:25<�/ � A��025BD��B m

5�L9=w-06089=3472587�9/3B mJF0A�-:= � �U,0�
A 42 BDA 472D< � �9-:/J476�m � S -0A�t�<$/ -4/

z!47t�<�2D25< -:� K � S -0A�<�/wB5=3EGF:<���47/J4KAC<
mJ<�/�;0<$/ , B5A�-:2�4Km3B5�96

Y[-



��� ��� ������� � 
���
 � � 
 � 
	� � ��� �2��� � �

 2.2

 2

 1.8

 1.6

 1.4

 1.2

 1

 0  0.2  0.4  0.6  0.8  1
 0.8

A B C D

B : Schließung der Mitralklappe

A : Öffnung der Mitralklappe C : Öffnung der Aortenklappe
D : Schließung der Aortenklappe

V
V0

t
t0

O�t0t0B52D;0-0608 -:� * � \ �925-0A�<�6 � ,.<�B m � �~B�4787/J47A�A -060; ,.<�B mJ�0-:60?�mJ< ;0<�/ x
2�4K�0��<$6 L[E �
6U-0608 � , EGF02DB5<`_7-0608

Y8K



��� ��� 
	��� � � � ��� ��
 � 
	����� � ����� � � � ��� ��
�� � 
 �����&����
��

� 
�� ��	�������	���� ��������	������ ����� �$� �
�$������� ����� 	��!�
���"�

� 6 O~t0t:B525;:-0608 -0��� =3BD60; ��-0A \ <$/3892D<�B5EGF#;0BD<��~/3-0EG?�v7<�/325n7-:oq< 4K-0=�;0<�6 1 /w89<�t:60B5=w=3<�6 ;0<�/
, BDA�-0254KmJBD�96 -060;�;0B5< 1(/389<$t060BD=3=3< 47-0= r <�=w=3-06:89<�6 ;h4K/389<$=wmJ<$252 m � �~BD< r�<�=3=w<�/w89<�t06:B5=3=w<
V�-0/w;0<�6 47-0=�;0<$/ 5�B mJ<$/J4Km3-0/�<�6�m360�9A�AC<$6-8 �[Y2: �#8 ^�: � �~BD< r <�=w=3<�/w89<�t:60B5=w=3< V�-:/3;0<$6sB56�BDF0/3<$A
�$<�BDm325BDEGF0<�6 O�t02�47- o ;:<�A ;0<$/ , B5A�-02�4Km3B5�96 � t�<�87B56060<$60; ACB m ;0<$/#�~B�47=amJ�92D< ��476089<$�h47=3=am �
,.-0/ �$<�B mJ25BDEGF0<�6 � /3BD<�6�mJBD<�/3-:608W=3B56:; ;:B5< \ �925-:AC<$6 � ,.<$BDm \ <$/325n7-:oq< -060; ;0B5< ,.<$BDm3<�6 ;0<�/
x
2�4K�0��<$6 L[E�6U-0608�t:�WV ��, EGF025BD<`_9-06:8 <�t�<�6:o{4K2525= ;h47/w89<�=amJ<$252Dm � �~B5< �~/3-:EG?Uv7<�/w2�n7-:oq< =wB560;
47- o
;0<�6 \ �7/32�4K-:oq;0/3-:EG?

p0

�S;:B5< \ �925-0A�<�6:?�-:/wv9<$6W47-:o`;h4K= <�6:;0= ��=wm3�925BD=3EGF0<�\ �925-0A�<�6
V060�7/3A�B5<�/am �

� O�t8V]<$B5EGFU-06089<$6It�<�;0BD6087m�;0-0/wEGF =wEGF0<�AC4Km3B5=3EGF:<�kh<�F:25<�/
��B5<Cr <�=w=3<$/389<$t060B5=w=3<�=wB560; ;0B5<C47-0=�r <$=3=3-:6089<�6 A�<�F:/3<�/w<�/ -06�mJ<$/3=3EGF:B5<�;:25B5EGF:<�/ \ <�6 �
m3/3BD?7<�2�87<�A�BDm3m3<�2 mJ<�6 7 <�/amJ< � 1(BD60< v7�9252D=wmJn760;0BD89< � t�<�/w<�BD60=wm3B5A�A�-0608�A�BDm";0<$6I1(/387<�t �
6:B5=3=w<�6#;0<$/ , B5A�-:2�4Km3B5�96 ?K4K606#;h47F0<$/ 60B5EGF�m�<�/UV�4K/wmJ<
m�V]<$/3;0<$6 � O~-0= ;:<�A�892D<�BDEGF0<�6
H
/3-:60;�?K4K606 ?K<�BD6��U-h476�m3BDmG4@mJBDv7<�/ \ <$/3892D<�B5EGF�476:89<�=amJ<�2D2Dm VS<�/w;0<�6 �

� O�t8V]<$B5EGFU-06089<$6It�<�;0BD6087m�;0-0/wEGF ;:B5< r ��;0<�2D25BD<�/3-:608
��B5< ��/3-0EG?�v9<$/325n7-:oq< BDA 2DB560?K<�6
\ �9/3F0�Ko���<�BD89<�6 ��-04725B mG4Km3BDv�<$B560<$6�n7F06:25B5EGF:<�6 \ <$/32�4K-:o �
A�BDm>;0<$A O�60=wm3B5<$8 ;0<$=
�~/3-:EG?7<�=`t0BD=~�$-0/ � E�6�-:608 ;0<$/
r B mJ/J4K25?U2�47�:��< �h;0<�A �~/3-:EG? �
4Kt:o{47252 V]n7F0/w<�60;�;0<$/"�~B547=wm3�925<>-060; ;:<�A <�/36:<�-:m3<�6 O~60=amJBD<�8�t0BD=]�$-0/ , EGF:25B5<W_9-0608�;0<�/
r�BDmJ/34725?U2547�0��< � ��B5<Srs42 B5AC4";0<�/�r <$=3=w?�-:/wv9<$6�=3B56:; m3<�60;0<$6�mJB5<$252�=w�hnKmJ<$/�<�/3/w<�BDEGFUm � �~B5<
87<�=3EGF:25�9=w=3<�6:<�6�/3<�4725<$6�|�<�/w��?U2�4K�0��<$6 v9<$/woq�9/wAC<$6�=3B5EGF�4K-:oq89/3-:60; ;0<$=��~/3-0EG?U89/347;0BD<�6 �
m3<�6 t�<�B�60� EGF 87<�/3BD6089<$/ F]< V]<$89-0608�;0<$= \ <�6�mJ/wB5?7<$25= -:60;�L[E�60<�6 ?U-0/w� 6h47EGF F]<�87B5606
;:<�/ \ <$6Um3/3BD?7<�2Dt�< V]<$89-0608 �9� 6 ;0<�6 , B5A�-0254KmJBD�960<$6�A�p0=w=3<$6�;:B5<]A���;0<�2D25B5<$/wm3<�6�x`2547�0��<�6
4K-0=`x��96�m3B56U-0BDmJnKmJ=w89/3p:60;0<�6 t�<�B�;:<�/
89<$/3B56:89=wm3<�6 F]<WVS<�87-0608s;:<�= \ <�6�m3/3B5?K<�2D=]LQE.60<$6��
VS�9/347-0=~=wB5EGFI;:<�/>��<�B mJ2DB5EGF0< \ <�/w��-08 BD6 ;:<�6 �~/w-0EG?�v9<$/32�nK-:oq<�6 <�/w?U2�n7/am �l� 6I;0<$6 , B5A�- �
254KmJBD�960<$6 V�B5/w; ;0<$/�;0-0/wEGF�;:B5< FS<WVS<�89-06:8C;0<$= \ �9/wF0�7oq<�=�47-:oq89<$�0/Jn78KmJ<
�~/w-0EG?�v9<$/32�4K-:o
<$t�<$6:o{472D25=�60BDEGF�m�t�<�/wp0EG?U=3BDEGFUm3B587m �
��<�/ �~/3-:EG?Uv7<�/w2�47-:o�B56 ;0<�/ O"�9/amG4�2�nK=3=wm`=wB5EGF ACB m
;0<$A \ <�/w2�47-:oS;0<$/�r�<�=3=w<�/w89<�t06:B5= �
=w<�6�-:/Ct�<�B"89<WL[E�60<$m3<�/
O"�9/wm3<�60?U2�4K�0��<�v7<�/38725<�BDEGF0<�6 �P� 6 ;0BD<�=3<$A F]<�/w<�BDEGF V�BD/3; ;0<�/
��/3-0EG?@4760=amJBD<�8 87-:mIV�BD<�;0<$/389<$89<�t�<�6 � ��<�/ O�t:o{472D2^;0<�=~�~/3-:EG?7<�=~B5=wm�B56�;0<$6 , BDA�-02�4@mJB �
�760=3<$/389<$t060B5=w=3<$6�;:<�-:m325B5EGF =wmJ<$B52D<�/��U;0BD<�=�BD=wm];0-0/3EGF�;047= \ �92D-0AC<$60/3<$=3<$/wv9�7B5/];:<�/ O"�7/wmG4
-:60; ;0<�/ H
2�nKmwmJ-06:8 ;0<�= �~/w-0EG?�v9<$/32�4K-:oq<�= ;0-0/wEGF ;0<$6 4760=3EGF:25B5<W_9<�6:;0<�6 x
/3<�BD=32547-:o ��-
<$/3?U2�nK/3<�6 �:;0<$/"B56�;0<$6 , BDA�-0254KmJBD�960<�6C60B5EGF�m�89<$89<�t�<�6�BD=wm � �~<�/ \ <$/32547-:o�t�<$B^89<$=3EGF02D�9= �
=w<�60<$/ O"�9/amJ<�6:?�2547�0��< VS<�B5EGF�m v7�96d;0<$6 r <�=w=3<�/w89<�t:60B5=w=3<�6 47t � �~B5<$= BD=wm�kh�92D89<�;0<�/
1(6�mJ?K�9�0�02D-0608I;:<�=�t�<WVS<�87m3<�6 \ <�6�m3/3B5?K<�2D=��(V]<$25EGF0<$= B56 ;:<�/ , B5A�-0254KmJBD�96 ;0B5<�<�BD60��BD89<
x
/34Ko m �U-0<$2525<CB5=am ��� 6#;0<$/C��<�4K25BDmJnKm�<$/389BDt:m =wB5EGF#;0<�/��~/w-0EG?�v9<$/32�4K-:o ;0-:/3EGF ;0B5<�1(6�m �
=w�h47606U-06:8C;0<$/ O"�9/wmJ4�-06:; ;0<$=>x`/w<�BD=32�4K-:oq<�= �

,.-0/>u>6Um3<�/w=3-0EGFU-0608�;:<�/>8925�9t04725<$6 , mJ/ML7A�-06089=w=wm3/3-0?�mJ-:/GV�BD/3;�;0B5<�\ <�/amJ<$B525-:608C<$B560<$=��047=3=wB �
v7<�6 , ?@472�4K/3=>p0t�<$/ <�BD60<�6 87<�=J4KA�mJ<$6 , � ?U2D-0= t�<��9th4KEGFUm3<$m � ,.-0/ FS<�/3<$EGF06U-0608�;0<$/ O~-0=wt0/3<$B �
m3-0608�;0<$= , ?@472�4K/3= V�B5/3; ;0<�/ FS<�/3<$B5EGF v7�9/�;0<$/"r B mJ/J4K25?U2�47�:��<�y"\ �9/wF0�7o�-:60;�4760=wEGF025BD<`_9<$60;0<�=

YJY



��� ��� 
	��� � � � ��� ��
 � 
	����� � ����� � � � ��� ��
�� � 
 �����&����
��

t
0t

t
0t

t
0t

 0.2  0.4  0.6  0.8 0

 0.2  0.4  0.6  0.8 0

 0.2  0.4  0.6  0.8 0

V
V

0

p 
p 
0

p 
p 
0

 20

 10

 0

30

 1.33

 1

 0.66

 0.33

 0

 1

 0.8

 2

 1.8

 1.6

 1.4

 1.2

 1

 2.2

Druckverlauf Aorta

Druckverlauf linker Vorhof

Messung

Simulation

Mitralklappe

Mitralklappe

AortenklappeÖffnung

Öffnung

Schließung

Schließung
Aortenklappe

O�t0t0B52D;0-0608 -0��� � \ <�/w8925<$B5EGF ;0<$/`�~/3-:EG?Uv7<�/w2�n7-:oq<�� V�B5=3EGF:<�6 ;0<�6 1(/389<$t060BD=3=3<$6 ;:<�/ , BDA�-02�4 �
m3B5�96�-06:;Ir <$=3=w<�/387<�t060BD=3=w<�6 47-0=�;0<$/ 5�B mJ<$/J4Km3-0/ 8 �[Y�: � 8 ^�:

Y8/



��� ��� 
	��� � � � ��� ��
 � 
	����� � ����� � � � ��� ��
�� � 
 �����&����
��

���9F0/J}PA�BDm * �9� 	 x��96:��<�6�m3/J4Km3B5�96 ;:<�= , ?@472547/3=SB560B mJB�4K25B5=wB5<$/wm � �~<�/ \ <�6�mJ/wB5?7<$2 V�B5/w; A�BDm ��	
x>�960��<$6�mJ/J4@mJB5�76�;:<�= , ?@472�4K/3=�BD60BDm3B�472DB5=3BD<�/am � F]<$B^89<WL[E.6:<$mJ<$/�r BDm3/J472D?�2547�0��<~=amJ/ML7A�m"A�BDm�;:<�A
, ?@472547/ B560B mJB54725BD=3B5<$/wm3<�= r <$;0B5-:A BD6 ;0<$6 \ <�6�mJ/wB5?K<�2.<$B56 �U� 6 ;:<�6@O~t:t0B52D;0-06089<$6 -0� �`� -0�+*[� BD=wm
A�BDmwmJ<�2D= � =3� �ln7EGF0<$6 ;0<$/Sx>�960�$<�6�mJ/34KmJBD�96C;:<�= , ?@472�4K/3=(;0BD<GO�-0=3t:/3<�B mJ-06:89=woq/w�96�mS;:<�= V�n7F:/3<�6:;
<$B560<$=~, ��?U25-:=3=3<$=�<$B560=amJ/ L9AC<$60;0<$6 F]2D-:mJ<$=";h47/w89<�=amJ<�2D2Dm �
� 6 O�t0t0BD25;0-06:8 -0� � -060; O�t0t0BD25;0-06:8 -0�.- B5=am�;0<$/�F]<$89B5606 ;0<�/��~B�47=amJ�92D<C;047/389<$=wm3<�252 m � � 47=
<$B560=amJ/ML7AC<$60;0<Ik�25-0BD; t0/w<�B mJ<$mC=3BDEGFNB56 ;0B5<$=3<$/��(Fh47=3<sB56Nkh�9/wA <�BD60<�/ x`-:89<�2��S4K-0=389<$F0<�6:;
v7�96 ;0<�/`r�BDmJ/34725?U2547�0��< ��47-0= �^� 6 ;0<�/
<$/3=amJ<�6 � 4K/3=wm3<�2D25-0608�;:<�= , ?@472547/3=�B56�O~t:t0B52D;0-0608 -:� K
�$<�B58Km
=3BDEGF <$t�<$6:o{472D25=~;:B5<�O~-:=3t0/w<�BDm3-06089=aoq/3�96�m`BD6 kl�7/3A <�B56:<�/
x
-089<$2 ��B56 ;0<$6 2D<$mJ�
mJ<$6 t�<$B �
;0<$6�� 47/3=amJ<$2525-:6089<�6�;0<$-:mJ<
mP=3B5EGF�t�<�/w<�BDm3=(<�BD60<��~/3<$FUt�< V]<$89-0608�;0<�=Pk!2D-0B5;0=�B56 ;0<$6CF:B56�mJ<$/3<�6
F]<$/3<$B5EGF�;0<$= \ <�6�mJ/wB5?K<�25=�476���;0B5<�=3B5EGF�BDA V]<$BDm3<�/3<$6@\ <�/32547-:o�;:<�/"�~B547=wm3�925<�v9<$/3=amGn7/w?Um�yq=3BD<�F0<
O�t0t0B52D;0-0608 -0�ZY } �@� 6�O~t0t:B525;:-0608 -0�ZY �$<�B58Km�=3BDEGF ;h47/wp0t�<$/3F0BD6h47-0=!<�B562O~-:oq=w�h472Dm3<�6�;:<�/ � =w� �ln �
EGF0< �l<�=>=3EGF0<$B56�m 4K25= V�p0/w;0<�;047= r�<�;0BD-0A � -06�mJ<�/w=3EGF0BD<�;02DB5EGF0< 7 <�89< B56�;0<$6sF0BD6Um3<�/w<�6�z�<$B52
;0<$=I\ <$6Um3/3BD?7<�2D=�6:<�F0A�<�6 � O~- o(<�BD60<�1(/w2�n7-:m3<�/w-0608�;0B5<$=3<�=G\ �9/389476089= V�B5/w;I476 ;0B5<$=3<$/ , m3<�2D25<
v7<�/3�$B5EGF�mJ<
m
-060;I47-:o(;0BD< � 6�m3<�/3�:/3<$mJ4KmJBD�96I;0<$/~1(/w89<�t06:B5=3=w<�;0<$/~892D�9th472D<�6 , mJ/w-0?�mJ-0/w-06�mJ<$/3=3- �
EGFU-0608�v9<�/UV�B5<$=3<�6 �7� 6�;0<$6 O~t:t0B52D;0-06089<$6 -:� / � -0�Z^ -:60; -0�ZH V�BD/3;�;0<�/!�~/3<$F�t�<WVS<�87-0608
B56�;0<�6
v7�9A F]<��7th47EGF�mJ<$/�47t:89<WV]4760;:m3<�6 z�<�BD2(;0<�= \ <�6�m3/3B5?K<�2D= <$B560<��~/w<�FUt�<WVS<�89-06:8 B56 �>BDEGF�mJ-0608
;0<$/]x
2547�0��<�60<$t�<$60<~p0t�<�/w2�4787<�/wm � �~-0/wEGF ;0B5< � t�<�/w2�4787<�/3-:608�;:<�/Pt�<$B5;0<$6 �~/w<�FUt�< V]<$89-06087<�6
=amJ/ML7A�m�;h4K="r <$;0B5-0A ��- ;0B5<$=3<�A�,.<�B mJ�0-:60?�m`y{6:� EGF v7�9/�;0<$/�x��76Um3/J47?�m3B5�96 ;:<�= \ <$6Um3/3BD?7<�2D=G}
BD6 ��B5EGF�m3-0608s;:<�/]O"�9/wm3<�60?U2�4K�0��<�-06:; V�B5/w; -:6Um3<�/�1(B560Fh4K2DmJ-:608�;0<�/ ��-:v7�9/�47-:oq89<$�0/Jn78KmJ<�6
���7mG4@mJB5�76�;0-:/3EGF�;0BD< O"�7/wmJ<$60?U2�47�:��<]47-0=387<WVS�9/woq<$6�y{=3BD<�F0< O~t0t:B525;:-06089<$6 -0�+* � -:60; -0�+*J* } �@� 6
O�t0t0B52D;0-0608 -0�+*[� B5=am�;0B5< \ <$/wm3<�B52D-0608�;0<$= , ?@472547/3="�$-0A 1(60;0<`;0<$/ , ��=amJ�92D< ;047/389<$=wm3<�252 m � 1 =
v7<�/3t:25<�BDt:m�<�BD6�60BDEGF�m!�$-�v9<$/36h4KEGF02�n7=w=3BD89th47/w<�/��><$=wm�;0<�=�<�BD6089<�=amJ/ L9A�mJ<$62FS25-:m3<�=�B5A \ <$6�mJ/3BD?7<$2 �
�~<$/ \ <�6�mJ/wB5?7<$2 V�B5/w;s472D=3� �[E�<�6:=3B5EGF�m325B5EGF�60BDEGF�m�BD6�<�B56:<�A , ��?U25-0="v7�9252D=wmGnK60;0B58�;0-0/3EGF:=3�0p02 m �
�~BD< , m3/3-0?�m3-0/ ;0<$/ , mJ/ L9A�-06:8 V�B5/w;d4760Fh4K60;Nv9�96 , mJ/3�7AC2DB560BD<�6 ��-W47-0=w89<WV]n7F02 mJ<$6 ,.<�BDm �
�0-:60?�mJ<�6 4K6h472 ��=wB5<�/am �l� 6I;0<$6�O~t0t:B525;:-06089<$6 -0�+*<-�� -0� �9� VS<�/w;0<�6 �w< V]<$B525=�B56 ;0<�/ r BDmwmJ<�;:B5<
�@� ;0B5A�<�6:=3B5�76h4725<$6 , mJ/w�9AC2DB560BD<�6��7/3<�EGF�m3="-060; 2DB560?U=P;0B5< , mJ/w�9AC2DB560BD<�6��7;0<�/SB56 1(t�<�60<$6��0/3� �wB �
�$B5<�/amJ<$6 \ <$?�mJ�9/w<�6 ;047/389<$=wm3<�252 m � �~B5<�1(t�<�60<$6 25BD<�89<$6�mG476:89<�6�mJB54720�$-0/P|�<�/w��47EGF:=3< � u>6Um3<�/P;0<�6
�0/w� �wB5�$B5<$/wmJ<$6 , mJ/3�7AC2DB560BD<�6�=3BD60;s;0BD<��$-s;0<$6 �(/3� �w<$?�mJB5�760=3<$t�<$60<�6 �$-089<�FCL9/3BD89<�6 H
<�=wEGF8V�B56 �
;0BD89?7<$BDm3=3t�<$mJ/3n789<";h4K/389<$=wmJ<$252 m � ��B5<��(/3� �w<$?�mJB5�760=3<$t�<$60<�6C-060;�;0B5<"BD6�;:<�6
O~t0t0BD25;0-:6089<�6 -0�+*<-
� -0���7� v9<$/ VS<�60;:<$mJ<]F]2DB5EG?U/3BDEGF�mJ-0608�B5=am�B56 O~t0t:B525;:-0608 -:� * � =3?UB5�$��B5<$/wm � �~BD< �@� ;0B5A�<�6:=3B5�76h4725<$6
, m3/3�9A�25BD60B5<$6 t�<$89B56:60<�6
V�n7F:/3<�6:; ;0<�/]�~B�4K=wmJ�725<�B5A FS<�/3<$B5EGF ;:<�/]r BDm3/J472D?�2547�0��<"-060; <$60;0<$6
V]n7F0/w<�60;#;0<$/ , ��=wmJ�725< BDA F]<$/3<$B5EGF#;0<�/2O"�9/wm3<�60?U2�4K�0��< � �~BD< O~6:o{4K6089=3�:-060?�mJ<�;0<$/ �0/3� �wB �
�$B5<�/amJ<$6 , mJ/w�9A�25B56:B5<�6�=wB560; p0t�<�/�;0B5<��w<WVS<�BD25B587<�1(t�<�60<�v7<�/amJ<�BD2Dm���-0A =wB5EGF0<$/3��-:=wmJ<$252D<�6���;h47=3=
;0BD< , mJ/w-0?�mJ-0/>v9�92D25=wmJn760;0BD8�47-:oq89<$2 L9=amGV�BD/3; � �~BD<��$<�B mJ25BDEGF0<�,.-0�9/w;06U-0608 ;:<�/�� 47/3=amJ<$2525-:6089<�6
<$/woq�92D87m�p0t�<�/�;0<$6 \ �925-0A�<�6 � ,.<�B m2\ <$/32�4K-:o>ACB m

V ∗ = V/V0

-060;
t∗ = t/t0

��A�BDm
V0 =<$60;0= ��=amJ�92DB5=3EGF:<�= \ �925-0A�<�6�-06:;

t0 =
,.<$BDm"oqp0/"<$B560<$6 ?K�9A��025<
m3mJ<$6 , � ?U2D-0= �

�~BD<Pu�6�mJ<$/3=3-:EGF�-:608`;0<�/ , mJ/w-0?�mJ-0/�47-:o:=3BD6089-025n7/3<P�(-060?�mJ<SB5A H
<�=wEGF8V�B560;0BD89?7<$BDm3=woq<�2D;�<$/woq�92D87m
A�BDm�;0<$A v9�96 r�<��9<$/ 8 �Q- : <�6�m V�B5EG?K<�2 mJ<�6 �(/w�989/J4KACA � O~-:=~;0<$/I\ BD<�2D��47F02�;:<�/~87<$oq-060;:<�60<$6
m3�9���725�989BD=3EGF0<$6 �(-060?�mJ< V]<$/3;0<$6 ;0BD< �0F ��=3B5?@472DB5=wEGF /w<�472DB5=wm3B5=wEGF0<�6 47-0=w89<WV]n7F02 m -060; ;h47/387< �
=amJ<�2D2Dm � ,.-0/"z"F0<$�9/3BD<`;0<�/ , m3/ML9A�-:6089=wm3�9���925�987B5<~=wB5<$F0< 8 ��: �

YJ^



��� ��� 
	��� � � � ��� ��
 � 
	����� � ����� � � � ��� ��
�� � 
 �����&����
��

1
0

0

a b

dc

e f

V

t
t

V

O�t0t0B52D;0-0608 -0� � �NO�-0=3t:/3<�B mJ-06:89=woq/w�96�m";0<�= , ?@472�47/w=]�$-�,.<�BDm3�0-060?�m3<�6 V]n7F0/3<$60;�;0<$/ � E.6U-0608
;0<$/�r BDm3/J472D?�2547�0��<

YJH



��� ��� 
	��� � � � ��� ��
 � 
	����� � ����� � � � ��� ��
�� � 
 �����&����
��

a b

dc

e f 1
0

0

V

t
t

V

O�t0t0B52D;0-0608 -:�Z- � O�-0=3t:/3<�B mJ-06:89=woq/w�96�mC;:<�= , ?@472�47/w= ��- ,.<�B mJ�0-06:?Um3<�6 ?U-0/3��6h47EGF � E.6U-0608
;0<$/�r BDm3/J472D?�2547�0��<

/7�



��� ��� 
	��� � � � ��� ��
 � 
	����� � ����� � � � ��� ��
�� � 
 �����&����
��

a b

dc

e f 1
0

0

V

t
t

V

O�t0t0B52D;0-0608 -0�RK �4O~-0=wt0/3<$BDmJ-:6089=woq/w�96�m";0<$= , ?@472547/3=P��-�,.<$BDmJ�:-060?�mJ<$6 V�nKF0/3<$60;�;0<�/]�~B�4K=wmJ�725<

/N*



��� ��� 
	��� � � � ��� ��
 � 
	����� � ����� � � � ��� ��
�� � 
 �����&����
��

a b

dc

e f 1
0

0

V

t
t

V

O�t0t0B52D;0-0608 -0�ZY �4O~-0=wt0/3<$BDmJ-:6089=woq/w�96�m";0<$= , ?@472547/3=P��-�,.<$BDmJ�:-060?�mJ<$6 V�nKF0/3<$60;�;0<�/]�~B�4K=wmJ�725<
/9�



��� ��� 
	��� � � � ��� ��
 � 
	����� � ����� � � � ��� ��
�� � 
 �����&����
��

a b

dc

e f 1
0

0

V

t
t

V

O�t0t0B52D;0-0608 -0�R/ �4O~-0=wt0/3<$BDmJ-:6089=woq/w�96�m";0<$= , ?@472547/3=P��-�,.<$BDmJ�:-060?�mJ<$6 V�nKF0/3<$60;�;0<�/]�~B�4K=wmJ�725<
/7�



��� ��� 
	��� � � � ��� ��
 � 
	����� � ����� � � � ��� ��
�� � 
 �����&����
��

a b

dc

e f 1
0

0

V

t
t

V

O�t0t0BD25;0-06:8 -:�R^ �CO~-0=wt0/3<$BDmJ-:6089=woq/w�96�m>;0<�= , ?@472�4K/3=�?U-0/w� v7�9/ � E�6U-0608�;0<�/ O"�9/amJ<$60?U2�47�0��<
/Q-



��� ��� 
	��� � � � ��� ��
 � 
	����� � ����� � � � ��� ��
�� � 
 �����&����
��

a b

dc

e f 1
0

0

V

t
t

V

O�t0t0B52D;0-0608 -:�RH �[O~-0=wt0/3<$BDmJ-:6089=woq/w�96�mP;0<�= , ?@472547/3= V]n7F0/w<�60;C;0<�/ � E�6�-:608�;:<�/ O"�9/wm3<�60?U2547� �
��< /JK



��� ��� 
	��� � � � ��� ��
 � 
	����� � ����� � � � ��� ��
�� � 
 �����&����
��

a b

dc

e f 1
0

0

V

t
t

V

O�t0t0B52D;0-0608 -0�+* � �	O~-0=wt0/3<$BDmJ-:6089=woq/w�96�m
;0<$= , ?@472�47/w=�?U-0/w� 6h47EGF ;0<$/ � E.6U-06:8 ;0<�/ O"�9/wm3<�6 �
?U2�4K�0��< /[Y



��� ��� 
	��� � � � ��� ��
 � 
	����� � ����� � � � ��� ��
�� � 
 �����&����
��

a b

dc

e f 1
0

0

V

t
t

V

O~t:t0B52D;0-0608 -0�+*J* �CO~-0=wt0/3<$BDmJ-:6089=woq/w�96�m>;0<�= , ?@472�4K/3= V]n7F0/w<�60; ;0<�/ , ��=wm3�925<
/J/



��� ��� 
	��� � � � ��� ��
 � 
	����� � ����� � � � ��� ��
�� � 
 �����&����
��

a b

dc

e f 1
0

0

V

t
t

V

O~t:t0B52D;0-0608 -0�+*[� �CO~-0=wt0/3<$BDmJ-:6089=woq/w�96�m~;:<�= , ?@472�4K/3="��-:A 1(60;0< ;0<�/ , ��=wm3�925<
/[^



��� ��� 
	��� � � � ��� ��
 � 
	����� � ����� � � � ��� ��
�� � 
 �����&����
��

Vertikaler Langachsenschnitt

Horizontaler Langachsenschnitt

A

B

O�t0t0B52D;0-0608 -0�+* � �4\ <�/ VS<�6:;0<$m3<`� /w� �w<�?�m3B5�960=w<�t�<�60<$6 -:60;@F]2DB5EG?U/3BDEGFUm3-06089<$6�;0<�/ O~t0t0BD25;0-:6 �
89<$6 -:� *<-�� -0� �9�

/[H



��� ��� 
	��� � � � ��� ��
 � 
	����� � ����� � � � ��� ��
�� � 
 �����&����
��

u
u

S’

S
S’

F

Projizierte Stromlinien
Vertikaler Langachsenschnitt

3−D Stromlinien

Horizontaler Langachsenschnitt
Geschwindigkeitsbetrag

Horizontaler Langachsenschnitt

V *

1 t * Geschwindigkeitsbetrag

Projizierte Stromlinien
Horizontaler Langachsenschnitt

8

O�t0t0B52D;0-0608 -0� *`- � , m3/3�9A�25BD60B5<$6 -06:; H
<�=wEGF4V�BD60;0BD89?7<$BDmJ=wt�<
mJ/3478#t�<$B <�BD60<�/ EGF047/J47?�m3<�/3BD=wm3B �
=wEGF0<�6IH`<$=3EGF8V�B560;:B589?K<�BDm

u∞ = 0.238
V�n7F:/3<�6:;s;0<$/�� E�6U-0608�;0<�/�r B mJ/J4K25?U2�47�:��<

� �'( # (�* � �-� � �
	 ��� # !�� � 	 ��� � � � � 
 � ("*&* �
u>A <$B560<]1(B560=wEGFhnKmJ�$-0608
;0<$/ O~-:=3=J4K89<�?U/J4@o m(;0<�/!1(/389<$t060B5=w=3<��$- <�/wFh472Dm3<�6��@A�p0=w=3<$6 ;0B5<]kl<$F �
2D<�/ �U-0<$252D<�6 -:60;�B5F0/w< 1(B56��hp0=3=w<
47-:o�;047="1(/389<$t060BD=]t�<$mJ/347EGF�mJ<
m V]<$/3;0<$6 � �~BD< kh<�F02D<�/���-:<�252D<�6
VS<�/w;0<�6 B5A 1(BD60��<$2560<$6 <$/32�nK-:mJ<$/wm �

� u>6089<$6h47-0BD89?7<$BDmJ<$6�B56�;0<�6PO~- oq6h47F0A�<�6
��B5< r �!z � O�-:oq6h47F0A�<�6 VS<�/w;0<�6WA�BDmC<�BD60<�/ AC42 B5AC472D<�6 O~-�� L7=3-0608 v7�96

3 mm2 �
p:t�<$/PA�<�F:/3<�/S, ��?U25<$6C89<
mJ/wB58989<$/wmP47- oq89<��$<�B5EGF:60<$m � ��-0/3EGF ;:B5< F]< V]<$89-0608�;:<�= \ <�6�mJ/wB �
?K<�2D=
<�/387<�t�<�6 =3BDEGF ��B E�<�/3<$60��<$6 BD6 ;0<�/`���9=3B mJBD�96I;0<$= \ <$6�mJ/3BD?7<$25=
��- ;0<$6 <�B56:��<�2D60<�6
z�/3BD8989<$/3��<$BDm3�0-060?�mJ<$6 �

� u>6089<$6h47-0BD89?7<$BDmJ<$6�B56�;0<�/>��<�?K�960=wm3/3-0?�m3B5�96�;0<�/�H
<��9A�<$m3/3BD<

^9�



��� ��� 
	��� � � � ��� ��
 � 
	����� � ����� � � � ��� ��
�� � 
 �����&����
��

Projizierte Stromlinien
Horizontaler Langachsenschnitt

Projizierte Stromlinien
Vertikaler Langachsenschnitt

3−D Stromlinien

Horizontaler Langachsenschnitt
Geschwindigkeitsbetrag

Horizontaler Langachsenschnitt
Geschwindigkeitsbetrag

u
u

V *

1 t *

F F

S’
S’

S’

F

8

O�t0t0B52D;0-0608 -0� *&K � , m3/3�9A�25BD60B5<$6 -06:; H
<�=wEGF4V�BD60;0BD89?7<$BDmJ=wt�<
mJ/3478#t�<$B <�BD60<�/ EGF047/J47?�m3<�/3BD=wm3B �
=wEGF0<�6IH`<$=3EGF8V�B560;:B589?K<�BDm

u∞ = 0.238
?�-:/3� 6h47EGF�;0<�/ � E.6U-06:8C;0<$/�r BDm3/J472D?�2547�0��<

^C*



��� ��� 
	��� � � � ��� ��
 � 
	����� � ����� � � � ��� ��
�� � 
 �����&����
��

Projizierte Stromlinien
Horizontaler Langachsenschnitt

Projizierte Stromlinien
Vertikaler Langachsenschnitt

3−D Stromlinien

Horizontaler Langachsenschnitt
Geschwindigkeitsbetrag

Horizontaler Langachsenschnitt
Geschwindigkeitsbetrag

u
u

V *

1 t *

F
F

S’

S’

F F

S’
S’

8

O�t0t0B52D;0-0608 -0� *<Y � , m3/3�9A�25BD60B5<$6 -06:; H
<�=wEGF4V�BD60;0BD89?7<$BDmJ=wt�<
mJ/3478#t�<$B <�BD60<�/ EGF047/J47?�m3<�/3BD=wm3B �
=wEGF0<�6IH`<$=3EGF8V�B560;:B589?K<�BDm

u∞ = 0.238
V�n7F:/3<�6:;s;0<$/���B�47=amJ�92D<

^��



��� ��� 
	��� � � � ��� ��
 � 
	����� � ����� � � � ��� ��
�� � 
 �����&����
��

Projizierte Stromlinien
Horizontaler Langachsenschnitt

u
u

V *

1 t *

S’

F
F

S’

F F

S’
S’

3−D Stromlinien

Horizontaler Langachsenschnitt
Geschwindigkeitsbetrag

Horizontaler Langachsenschnitt
Geschwindigkeitsbetrag

Vertikaler Langachsenschnitt

8

Projizierte Stromlinien

O�t0t0B52D;0-0608 -0� *&/ � , m3/3�9A�25BD60B5<$6 -06:; H
<�=wEGF4V�BD60;0BD89?7<$BDmJ=wt�<
mJ/3478#t�<$B <�BD60<�/ EGF047/J47?�m3<�/3BD=wm3B �
=wEGF0<�6IH`<$=3EGF8V�B560;:B589?K<�BDm

u∞ = 0.238
V�n7F:/3<�6:;s;0<$/���B�47=amJ�92D<

^9�



��� ��� 
	��� � � � ��� ��
 � 
	����� � ����� � � � ��� ��
�� � 
 �����&����
��

Projizierte Stromlinien
Horizontaler Langachsenschnitt

u
u

V *

1 t *

S

F

F

SF

F

Horizontaler Langachsenschnitt
Geschwindigkeitsbetrag

Horizontaler Langachsenschnitt
Geschwindigkeitsbetrag

Vertikaler Langachsenschnitt
3−D Stromlinien

8

Projizierte Stromlinien

O�t0t0B52D;0-0608 -0� *<^ � , m3/3�9A�25BD60B5<$6 -06:; H
<�=wEGF4V�BD60;0BD89?7<$BDmJ=wt�<
mJ/3478#t�<$B <�BD60<�/ EGF047/J47?�m3<�/3BD=wm3B �
=wEGF0<�6IH`<$=3EGF8V�B560;:B589?K<�BDm

u∞ = 0.238
V�n7F:/3<�6:;s;0<$/���B�47=amJ�92D<

^[-



��� ��� 
	��� � � � ��� ��
 � 
	����� � ����� � � � ��� ��
�� � 
 �����&����
��

Projizierte Stromlinien
Horizontaler Langachsenschnitt

Projizierte Stromlinien
Vertikaler Langachsenschnitt

3−D Stromlinien

Horizontaler Langachsenschnitt
Geschwindigkeitsbetrag

Horizontaler Langachsenschnitt
Geschwindigkeitsbetrag

u
u

V *

1 t *

F

F

S

F

F

S’

8

O�t0t0B52D;0-0608 -0� *<H � , m3/3�9A�25BD60B5<$6 -06:; H
<�=wEGF4V�BD60;0BD89?7<$BDmJ=wt�<
mJ/3478#t�<$B <�BD60<�/ EGF047/J47?�m3<�/3BD=wm3B �
=wEGF0<�6IH`<$=3EGF8V�B560;:B589?K<�BDm

u∞ = 0.238
��-0A 1(60;:<�;0<$/>�~B�47=amJ�92D<

^8K



��� ��� 
	��� � � � ��� ��
 � 
	����� � ����� � � � ��� ��
�� � 
 �����&����
��

Projizierte Stromlinien
Horizontaler Langachsenschnitt

Projizierte Stromlinien
Vertikaler Langachsenschnitt

3−D Stromlinien

Horizontaler Langachsenschnitt
Geschwindigkeitsbetrag

Horizontaler Langachsenschnitt
Geschwindigkeitsbetrag

u
u

V *

1 t *

S’

F
S

F

F

S
F

F

F
S’

S’

8

O�t0t0B52D;0-0608 -0���K� � , m3/3�9A�25BD60B5<$6 -06:; H
<�=wEGF4V�BD60;0BD89?7<$BDmJ=wt�<
mJ/3478#t�<$B <�BD60<�/ EGF047/J47?�m3<�/3BD=wm3B �
=wEGF0<�6IH`<$=3EGF8V�B560;:B589?K<�BDm

u∞ = 0.238
?�-:/3�`v9�9/ � E�6�-:608C;:<�/ O"�9/wm3<�60?U2547�0��<

^JY



��� ��� 
	��� � � � ��� ��
 � 
	����� � ����� � � � ��� ��
�� � 
 �����&����
��

Projizierte Stromlinien
Horizontaler Langachsenschnitt

Projizierte Stromlinien
Vertikaler Langachsenschnitt

3−D Stromlinien

Horizontaler Langachsenschnitt
Geschwindigkeitsbetrag

Horizontaler Langachsenschnitt
Geschwindigkeitsbetrag

u
u

V *

1 t *

8

O�t0t0B52D;0-0608 -0���#* � , m3/3�9A�25BD60B5<$6 -06:; H
<�=wEGF4V�BD60;0BD89?7<$BDmJ=wt�<
mJ/3478#t�<$B <�BD60<�/ EGF047/J47?�m3<�/3BD=wm3B �
=wEGF0<�6IH`<$=3EGF8V�B560;:B589?K<�BDm

u∞ = 0.238
?�-:/3� 6h47EGF � E�6U-0608�;0<�/ O"�9/amJ<$60?U2�47�0��<

^8/



��� ��� 
	��� � � � ��� ��
 � 
	����� � ����� � � � ��� ��
�� � 
 �����&����
��

u
u0

V *

1 t *

F

F
F

O�t0t0B52D;0-0608 -0���7� � , m3/3�9A�25BD60B5<$6 -06:; H
<�=wEGF4V�BD60;0BD89?7<$BDmJ=wt�<
mJ/3478#t�<$B <�BD60<�/ EGF047/J47?�m3<�/3BD=wm3B �
=wEGF0<�6IH`<$=3EGF8V�B560;:B589?K<�BDm

u∞ = 0.238
��-0A 1(60;:<�;0<$/ , ��=wmJ�725<

^J^



��� ��� ������
 ��� ��
�� �2�&� � � � 
 � 
�� � 
 ������
 
 


FS<�B:;:<�/ ��<�?7�760=wm3/3-0?�mJBD�96�;0<�/(H`<$�9AC<
mJ/wB5<�4K-0=�;0<$6�;:B589B mG472D<�6��~4KmJ<$6 ;0<�/ , <$89A�<�6�mJBD< �
/w-0608 VS<�/w;0<�6�;0B5<];0-0/3EGF�<$B56 z�/3B�4K6089-02547/3BD=3B5<$/3-06:89=wv7<�/wo{4KF0/3<$6�<�/w=wmJ<$252 mJ<�6 � t�<�/ �ln7EGF0<$6
;:-0/3EGF � 6�m3<�/3���9254KmJBD�96 87<�=3EGF:25�9=w=3<�6 � H
<��9A�<$m3/3B5=wEGF0< u�60=amJ<$m3B589?K<�B mJ<�6 ACB mC87<�/3BD6089<$A
O�-0=3AC47=w= VS<�/w;0<�6 ;h47;0-:/3EGFs87<�8925nKm3m3<$m �

� u>6089<$6h47-0BD89?7<$BDmJ<$6�B56�;0<�/>��<�?K�960=wm3/3-0?�m3B5�96�;0<�/GF]< V]<$89-0608
�~4�;0BD<���<�?K�960=amJ/3-:?Um3B5�96C;0<�/ F]< V]<$89-0608�47- o^;0<$6 /3<$?7�96:=wmJ/w-0B5<$/wm3<�6�H
<��9A�<$m3/3BD<�6�th4 �
=wB5<$/wm �&VS<�/w;0<�6�u>6089<�6047-0B587?7<�B mJ<$6�B56�;0<�/�H`<$�9A�<$mJ/wB5<(<$t�<$6:o{47252D=�BD6�;:B5< S <$m3��t�<WVS<�89-:608
p:t�<$/360�9A�A�<�6 �

� u>6089<$6h47-0BD89?7<$BDmJ<$6�;0-0/3EGF ;0B5< r�� ;0<$252DB5<�/w-0608
��B5<~r � ;:<�252DB5<$/3-0608 ;0<$/"|�<$/3��?U2547�0��<�6 ;0-:/3EGF�;0BD< �[� ;0B5A�<�60=wB5�9604725<$6C�>4760;:t�<$;0B56087-06 �
87<�6�2�47=w=3<$6�?K<�BD60< O~-0=w=J4789<$6Cp:t�<$/P;:B5<�2D�9?@4725<$6 , mJ/w-0?�mJ-0/w<�6�;0<�/ , m3/ML9A�-0608`6h47EGF�;0<�6
/w<�472D<�6�x
2�4K�0��<$6 ��- �7� 6�;:<�/Pr ��;0<�2D25BD<�/3-:608~;0<$= \ <�6�mJ/wB5?7<$25= VS<�/w;0<�6 H`<$�9A�<$mJ/wB5<$6�ACB m
87<�/3BD6089<$6�O�-0=3AC47=3=w<�6��	V�B5<`t�<�B5=w�0B5<$25=UV]<$B5=3< ;0BD< , m3/3-0?�m3-0/�;:<�/ |><�/w��B56:60<�68V]4760; -060;
;:B5<`�!4K�0B52D2�47/wA�-0=3?U-0254KmJ-:/���60B5EGF�m>t�<$/3p0EG?U=wB5EGF�mJBD87m �

O�-:oq89/3-:60; ;0<�/ �7t�<$6 89<�6h4K606�mJ<�6 u>6089<�6047-0B587?7<�B mJ<$6 BD=wm�<�B56:< O~-0=w=J4787<�p:t�<$/�;0B5< 25�9?@472D<�6
, m3/ML9A�-06089=w=wmJ/w-0?�mJ-0/w<�6 B5A 2DB560?K<�6 \ <$6Um3/3BD?7<�2�60B5EGF�m
�$-02�nK=3=3BD8 � �~B5<$= 25BD<�87m �w<�;:� EGF 6U-0/ �$-0A
z�<�BD2�476
;0<$/!r�� ;0<$252DB5<�/w-0608�;:<�=�\ <�6�mJ/wB5?K<�25=�� 47-0EGF ;0BD<�;0-0/wEGF O�-:oq6h47F0A�<$m3<�EGF06:B5? t�<�=wEGF0/Jn76:? �
m3<�O~-�� L7=3-0608�2�nK=3=wm><$B560< F]<$/3p0EG?U=wB5EGF�mJBD89-0608�?U25<�BD60<�/>H
<��7AC<
mJ/3BD<�6�� -060;�=3�9A�BDm�;0<�/w<�6 1 BD6 �
�h-:=3=�47-:o�;0B5<
2D�9?@4725<$6 , mJ/w-0?�mJ-0/w<�6s6:B5EGF�m���- �
�~<$/ O~6:=3�0/w-0EGF ;:<�/~v7�9/32DB5<�87<�60;0<$6�O~/wt�<$BDm BD=wm �w<$;0��EGF <�B56�O�60;0<$/3<�/��^6hn7A�25BDEGFs;0BD<�892D�9th472D<
, m3/3-0?�m3-0/`;0<�/ , m3/ML9A�-:608�B5A \ <�6�mJ/wB5?7<$2�v9�9/wF0<�/w��-0=34789<$6 � �~47=�,.B5<�2�B5=am`<�=`;0B5<�kh-06:?Um3B5�96:= �
VS<�BD=3<�;:<�=>25B56:?7<�6 AC<$60=3EGF:25B5EGF:<�6�\ <$6�mJ/3BD?7<$25=~�$- v7<�/3=amJ<$F0<�6 -06:;IB5A VS<�B mJ<$/3<�6�\ <�/32547-:o!;0<�/
kh�9/w=3EGFU-06089=347/3t�<�B mJ<$6 O~-0=w=J4787<�6 p0t�<�/�;0<�6 1(B56��h-0=3=�-06�mJ<$/3=3EGF:B5<�;:25B5EGF:<�/
x
/J4K60?UF0<�B mJ=3t:B525;:<�/
�$- mJ/w<WE�<�6��(VS�9t�<$B <�=�6:B5EGF�m�6:�7m V]<$60;0BD8sB5=am ?�2D<�BD60< , mJ/3-:?Um3-0/3<$6 B56 ;0<$/ , m3/ML9A�-0608���- <$/ �
?K<�6060<$6 �
�~<$/ \ <�/w8925<$B5EGFW;0<�/ , B5A�-0254KmJBD�960=w<�/387<�t060BD=3=w<sA�BDm ;:<�6 r <�=w=3<�/w89<�t:60B5=w=3<�6 y{=3BD<�F0< x`47�:BDmJ<$2
�:� � }��$<�BD87m�<�BD60< =3<$F0/�89-:m3< � t�<�/3<$B560=amJBDACA�-:608 =3�&VS�9F02"B56 ;:<�6 �>BDEGFUm3-06089<$6#;0<�/�89<$AC<$= �
=w<�60<$6#H`<$=3EGF8V�B56:;0B589?K<�B mJ<�6:?7�9A����760<�6�mJ<$6#4725=�47-0EGF B56 ;0<�6 � /amJ<�6 B5F0/w<�/�rs42 B5AC472+V]<$/wmJ< �
�~BD< � t�<�/3<$B560=amJBDACA�-:6089<�6 BD6 ;:<�/`��<$BDmJ2DB5EGF0<$6?O~t:oq�92D89< ;0<$/ O�-:oq6h47F0A�<�6 2�4K=3=3<$6 <$t�<$6:o{472D25=
O�-0=3=34789<�6 p0t�<�/";h47= S BDv9<�47-�;0<�/�H
<�=3EGF8V�BD60;0B587?7<�B mJ<$6 �$- �
�~-:/3EGF�;0<�6�\ <�/w8925<$B5EGF�A�BDm!;0<�6Cr <$=3=w<�/387<�t060BD=3=w<�6 ?@476:6C4K25=�=wB5EGF0<$/389<$=wmJ<$252 m 476089<$=3<$F0<�6 V]<$/ �
;0<$6��l;h47=w=>;:B5<`8925�7th4725< , mJ/w-0?�mJ-0/>;0<�/ , m3/ML9A�-0608�B5A�2DB560?K<�6@\ <�6�m3/3B5?K<�2�A�BDm>47-0=w/3<$B5EGF0<$60;0<�/
H
<�6h4K-0B589?K<�B m V�BD<�;0<$/389<$89<�t�<�6�V�B5/w;�-060; ;:B5<�1(/w?7<�6:6Um360B5=w=3<>47-0=!;0<�6 , BDA�-0254KmJBD�960<�6 B56�B5F0/w<�/
O�-0=3=34789<�?U/34Ko m>t�<$=wmGn@mJB58Km�=3B56:; �

� 
�� � � 	�����������	��
	��$��� ����� � ����� 
����$%�%��

,.- F]<$89B5606d;:<�/�k!p02D25-06:8 ��<�BD89<�6W;0BD< , m3/3�9A�25BD60B5<$6 60��EGFW?7<�BD60< 47-0=w89<��$<�B5EGF:60<$m3< , m3/3-0? �
m3-0/ ��� 6 O�t0t0BD25;0-06:8 -0�+*<- =3BD60; ;0BD< , mJ/w�9A�25B56:B5<�6���- <$B560<$A*,.<�B mJ�0-:60?�m
?U-0/3� 6h4KEGF � E�60<�6
;0<$/
r B mJ/34725?U2�4K�0��<`;h4K/389<$=wmJ<$252 m � �~B5< , mJ/w�9A�25B56:B5<�6��$<�B587<�6 <�BD60<�o{4K=wm �047/J472D25<$25<�O~6:�9/3;06U-06:8

^JH



��� ��� ������
 ��� ��
�� �2�&� � � � 
 � 
�� � 
 ������
 
 


��B5EGF�mJ-:608 \ <�6�mJ/wB5?K<�25=w�0BDm3��< � VS� ;0-:/3EGF#89<��$<�BD87m2VS<�/w;0<�6#?@47606���;h47=w= ;h47=�r ��;0<$252P;0<�/�r�B �
m3/J472D?�2547�0��< ;0<$/ , mJ/ML7A�-0608�?7<$B560<`-06:/3<�4K25B5=amJBD=3EGF0< , m3/3-0?�m3-0/>47-:oq�0/3n787m �
� 6 O�t0t0BD25;0-06:8 -0�+*9K BD=wmC;0B5<�O~-0=wt0B52D;0-0608 <$B560<$= ��B5608QV�B5/3t�<�2D=���-d<�/w?7<$6060<�6 � �~B5< B56N;:B5<
F0�7/3B5�$�96�mG472D<�1(t�<�60<��0/3� �wBD��BD<�/wm3<�6 , mJ�9A�25BD60B5<$6PVS<�BD=3<$6 t�<$/3<�B mJ=~47-0=387<��0/3n787mJ<�kl�7?�B�892D<�B5EGF:<�/
O�-0=3;0<$F06U-0608�47- o � �~<$/~<$6Um3=wm3<�F0<$60;0<���B5608[V�BD/3t�<�2�BD=wm�B56 O�t0t0BD25;0-06:8 -0� �7� =3?UB5�$��B5<$/wm � � 4K/ �
89<$=wm3<�252 m =3BD60; ;0BD< 7WB5/3t�<�2D?7<$/3602DB560BD<�6 A�BDm ;0<$/]��B5EGF�mJ-:608�;:<�/Sx��96�v9<$?�mJB5�760=389<$=3EGF8V�B56:;0B589?K<�B m
-06:;�;:B5< 7WBD/3t�<�252DB560BD<�6���-:/ \ <�/3;:<�-:m325B5EGFU-06:8�;:<�/�1(6�m V�B5EG?U25-06:8�;:<�= 7WB5/wt�<$25= �:� A�V]<$BDmJ<$/3<$6

V *

1 t *
Wirbellinien

Hauptgeschwindigkeitsrichtung
Wirbelkernlinien und

O�t0t0B52D;0-0608 -0� �7� �CO~-0=wt0B52D;0-0608�;0<$=���B56:8[V�B5/wt�<$25=��$- F]<$89B56:6�;:<�/>�~B�4K=wmJ�725<
\ <$/32�4K-:o];:<�/��~B�47=amJ�92D<�y�O�t0t0B52D;0-0608 -0�+*&Y -060; O~t0t0BD25;0-:608 -0� *&/ } 60B5A�A�m
;0<$/���B56:8[V�B5/wt�<$2
476sH
/MLJ_9<`�$- � �~B5< O~-:=3;0<$F06U-0608�B56 42 B�4K25<�/���B5EGF�m3-0608�;0<�/ 7WB5/wt�<$25?7<$/3602DB560BD<�6�BD=wm�n7F0602DB5EGF
89/w�J_ � B56�/J47;:B�472D<�/���B5EGF�m3-0608�60B5A�A�m�;:B5<
/3<$EGF�mJ< , <�B mJ< �w<�;:� EGF�;0<�- mJ25BDEGF�476IH
/ML[_9< ��- � �~B5<
1(6�m V�B5EG?U25-:608�;0<�= �>BD608[V�B5/wt�<$25=�B5=am~BD6 O�t0t0B52D;0-0608 -0� �Q- =w?�BD���$B5<�/am ��� 6I;0<�6I� 47/3=amJ<$2525-:6089<�6
;0<$/ O~-:=3t0/w<�BDm3-06089=aoq/3�96�m`;0<$=
<�BD6089<�t:/J47EGF�mJ<$6 , ?@472�47/w= ��- ;:<�6 <�6�mJ=w�0/3<$EGF0<�6:;0<�6#,.<$BDm3�0-060? �
m3<�6 y�O�t0t0BD25;0-06:8 -0�RK }CB5=am�;0BD<�=3<I1 6�m V�BDEG?�2D-0608#<�t�<�6 o{47252D= ��-dt�<��9t047EGF�mJ<�6 � 7 n7F0/3<$60;WB56
;0<$6 <$/3=amJ<�6 � 47/w=wm3<�252D-06089<$6 y�O~t:t0B52D;0-0608 -0�RK 4 � t�� E � ;h} �(;0BD<�;0-0/3EGF ;0BD<�1 6�m V�BDEG?�2D-0608 ;0<�=
��B5608QV�B5/3t�<�2D=~;0�7ACBD60B5<$/wmJ< , mJ/w-0?�mJ-0/�VS<�60BD8s47-:=389<$�0/Jn78Km`B5=wm��^��<$B587m`=wB5EGF B56 ;0<$6 oq�92D89<�6:;0<�6
� 4K/3=wm3<�2D25-06087<�6 y"O~t0t:B525;:-0608 -:� K < �Uo�-060; O�t0t0B52D;0-0608 -0�ZY 4�}(;0<�-:m325BDEGF <�BD60<I\ <$/wm3<�B52D-0608 ;0<�=
, ?@472547/3=S<�6�mJ=w�0/3<$EGF0<�6:;s;0<$/"=3?UB5�$��B5<$/wm3<�6 , m3/3-0?�mJ-:/"ACB m]<$B560<$/"�~/3<$FU-0608�;0<�/ O�-0=3t:/3<�B mJ-06:89= �
oq/w�96�m"v9�9A FS<$mJ/347EGF�mJ<$/~47-:=>87<�=3<$F0<�6 6h47EGF /3<�EGF�m3=�F0BD6�mJ<�6 �
��<�/ F]<$m3/J478�;0<�/]H`<$=3EGF8V�B56:;0B589?K<�B m]BD=wmS476 t�<�BD;0<�6 , <�B mJ<$6 ;0<$/]x
<�/w60=wm3/ML9A�-0608�8725<�BDEGFC87/3�J_
yq=3B5<$F0<@O~t:t0B52D;0-0608 -0�+*9/ ��� 47/3=amJ<$2525-:608 ;0<�=CH
<�=wEGF4V�BD60;0BD89?7<$BDmJ=wt�<
mJ/34789<�=�BDA F0�7/3B5�$�96�mG472D<�6
5�47608947EGF0=3<$60=3EGF:60BDmwm } � O~-:oq87/3-060; ;0<�/�-:6Um3<�/w=3EGF0BD<�;02DB5EGF0<$6�/J47;0B54725<$6 O�-0=3;:<�F06U-0608�;0<$= 7WBD/ �
t�<�2D=�=wB560; ;:B5< , EGF0<�/w/J4Km3<�6 B5A*2DB560?K<�6 z�<�BD2 ;h47F0<$/�F L9F0<$/ ��� 6 ;0<$/2V]<$BDm3<�/3<$6 1(6�m V�B5EG?U25-06:8
;0<$=`�>BD608[V�BD/3t�<�25=��$<�B58Km
=3BDEGF 4725=~kl�72589< ;0<�/
F:�9F0<�6 , EGF0<�/w/J4Km3<�6 -060; ;0<$/ ;h47A�BDm�<�/wF L9F�mJ<$6
�~BD=3=wB5�h4Km3B5�96�<$B56@O�-:oq=3�h4K2DmJ<$6 ;:<�= 7WB5/wt�<$25?7<$/360= y"O~t0t:B525;:-0608 -0�+*&^ } � �~B5<�O�-:oq=3�0472Dm3-0608�;0<�=

H9�



��� ��� ������
 ��� ��
�� �2�&� � � � 
 � 
�� � 
 ������
 
 


V *

1 t *
Wirbellinien

Hauptgeschwindigkeitsrichtung
Wirbelkernlinien und

O~t:t0B52D;0-0608 -0� �Q- �01 6�m V�BDEG?�2D-0608C;0<�=>��B5608[V�BD/3t�<�2D=�B5A�V]<$BDm3<�/3<$6�\ <$/32�4K-:o�;0<�/>�~B547=wm3�925<

7WBD/3t�<�25?K<�/w60=`-06�mJ<�/ F]BD25;0-06:8�<�B56:<�= �WVS<�BDm3<�6 kl�7?�-:=3=3<$=�BD=wm B56?O�t0t0B52D;0-0608 -0� �JK =3?UBD����BD<�/am �
� 6 ;0<$/
� 47/w=wmJ<$252D-0608�;0<$/�O~-0=wt0/3<$BDmJ-:6089=woq/w�96�m`;0<�= , ?K4K2�47/w=�y�O�t0t0B52D;0-0608 -0�RY E � ; � <�}
BD=wm
;:B5<
, m3/3<$EG?�-:608�;0<$/S2DB560?K<�6 , <�BDm3<�<�t�<�6:o{472D25= ��-Ct�<$�9th47EGF�m3<�6 ��� A V]<$BDmJ<$/3<$6 \ <�/w2�47- o^;0<$/]�~B547=wm3� �
2D< t0/3BDEGFUm�;0BD<Ckh/w�96�m�4K6 ;0BD<�=w<�/ , <�B mJ<C47-:o y�O�t0t0B52D;0-0608 -0�ZY o�-060;Ny�O�t0t0B52D;0-0608 -0�R/ } � V�47=
;h4K��- oqp0F:/wm�;h47=�<$B56 z�<$B52P;0<�=�<�BD6089<�=amJ/ L9A�mJ<$6 r <$;0B5-:AC= B5A*2DB560?K<�6 �7t�<$/3<�6 F]<�/w<�BDEGF ;0<�=
\ <$6Um3/3BD?7<�2D=�v9<$/3t02D<�B5t m �QV]n7F0/w<�60;�;0<$/S|�47-0�:mwmJ<$B52:;:<�=Pr <$;0B5-0A�=(B56���B5EGF�m3-0608`;0<�/ \ <$6�mJ/3BD?7<$2 �
=w�0BDm3��<"-06�mJ<$/ � t�<�/3254789<$/3-0608
;:<�/P�~/3<$FUt�< V]<$89-0608�B56�;0<�6�F0BD6Um3<�/w<�6
F]<�/w<�BDEGFC;0<$= \ <�6�mJ/wB5?7<$25=
m3/J4760=w���7/wmJBD<�/am V�B5/w; �
FS<�B>;0<�/ O~-:oq=w�h472Dm3-0608 ;0<�= �>BD608[V�B5/wt�<$25= -06:;N;0<�/ 1(6Um3=wm3<�FU-0608 <$B560<$= 60<$-0<�6Wkh�9?U-0=w=3<�=
A�-:=3= 4K-0= mJ�7���92D�989BD=3EGF0<$6NH
/3p06:;0<�6d<$B56 , 4Km3m3<�25�:-060?�m <$6Um3=wm3<�F0<$6 � u�A ;0BD<�=3<$6�\ �9/w8�47608
47- oq��-02 L9=3<$6 V�-0/3;0<$6���-�;0<$6�<$6�mJ=3�:/3<�EGF:<�60;0<$6 ,.<$BDmJ�:-060?�mJ<$6�;:B5<~�:/3� �wBD��B5<$/wm3<�6 , m3/3�9A�25BD60B5<$6
BD6 ;0<$/�F0�9/wB5���76UmJ4725<$6 5�47608947EGF0=3<$60<�t�<�6:<
ACB mS<$B560<$A oq<$B560<$/3<$6���4K=wmJ<$/];0<$/ O~6 o{476089=w�0-060?�mJ<
;0<$/ , m3/3�9A�25BD60B5<$6 t�<$/3<$EGF060<$m � � 47=]1(/389<$t060B5=SB5=am]BD6 O�t0t0B52D;0-0608 -0� �[Y ;h4K/389<$=wmJ<$252 m � �~BD<~kh�9?UB
VS<�/w;0<�6 ��-0/ 1 /w2�n7- mJ<�/w-0608�A�BDm k * �^k � �.k � t�<$��<�BDEGF060<
m � V�B5<�;0<�/ O�t0t0BD25;0-06:8���- <�6�m360<�F �
A�<�6�B5=am �
� 6�O~t:t0B52D;0-0608 -:���[Y BD=wm~;0<�-:m325BDEGF ;0B5< O�-:oq=3�0472Dm3-0608 ;0<$=`�>BD608[V�BD/3t�<�25=>��- <$/3?7<$6060<$6 � �~<�/
=amG47/w?C;0<
oq�9/3A�B5<$/wm3<~kh�9?U-0=`y{k * } B5A <�/w=wmJ<$6 F]B52D; V�BD/3; -06�m3<�/ F]BD25;0-06:8�<�BD60<�=]60<�-0<$6�kh�9?U-0= �
=w<�=�y k � }P-060;�;0<�=�476089<$=3�0/w� EGF:<�60<$6 , 4KmwmJ<$25�0-06:?Um3<�=>��<$/wmJ<$B52 m �
u>A <$B560< \ �9/w=wmJ<$252D-0608~;:B5<�=w<�==\ �9/38�4K6089=���- <�/wFh472 mJ<�6 �@=w<�B <�=�4K6�;0BD<�=3<$/ , m3<�2D25<P<�/32547-0t:m�<�BD60<�6
t0BD25;02DB5EGF0<$6 \ <�/w8925<$B5EGF 476:��-0=amJ<�2D25<$6 � �~BD< 7WB5/3t�<�2DB560BD<�6 =3B56:; �:2�47=amJB5=wEGF v9<�/aoq�9/3A�th47/3<�H
-0A �
A�B5/wB56089< ��;0B5<~ACB m"H
-0A�ACBDthn760;0<$/36Iy kh�9?UB } "� B5<�/am"=3BD60; � F]<�B�;0<�/ O�-:oq=3�h4K2DmJ-:6082V�B5/w;�<�BD60<�=
;0BD<�=w<�/`H
-0A�ACBDthn760;0<$/>47-:oq89<
mJ/3<$606�m
-060; <$B56Iz�<�BD2�;:<�/`H
-0A�ACBD/3B56:89< V�B5/w;IACB m~;:<�/
x>�96 �
v7<�?�mJBD�960=387<�=3EGF8V�BD60;0B587?7<�B m B56 �>BDEGF�mJ-0608s;0<�/]\ <�6�mJ/wB5?7<$25=w�0BDm3��<Cm3/J476:=3���9/wm3B5<�/am � �~<$/�4760;:<�/3<
z�<�BD2�;:<�/]H`-0A�A�B5/3BD6089<�t:25<�BDt:m B5A �7t�<$/3<�6 F]<�/w<�BDEGF�47-:oq89/w-060;C89<�/wB56089<$/3<$/]H
<�=wEGF8V�B560;0BD89?7<$B �

HC*



��� ��� ������
 ��� ��
�� �2�&� � � � 
 � 
�� � 
 ������
 
 


V *

1 t *
Wirbellinien

Hauptgeschwindigkeitsrichtung
Wirbelkernlinien und

S

O�t0t0B52D;0-0608 -0� �JK �6O~-:oq=w�h472 mJ-0608C;0<�= �>BD608[V�B5/wt�<$25=�-06�mJ<$/�F]BD25;0-06:8C<$B560<$=~�WVS<�B mJ<$6 7WB5/3t�<�2 �
?K<�/36:=���7WB5/wt�<$25?7<$/3602DB560BD<�6 -:60; 7WBD/3t�<�2D25B56:B5<�6

S

F2 F2

F3

F1
F1

O�t0t0B52D;0-0608 -0� �[Y �6O~-:oq=w�h472 mJ-0608C;0<�= �>BD608[V�B5/wt�<$25=�-06�mJ<$/�F]BD25;0-06:8C<$B560<$=~�WVS<�B mJ<$6 7WB5/3t�<�2 �
?K<�/36:=�-06:; <$B560<$= , 4Km3m3<�25�:-060?�mJ<$=��l�0/3� �wB5��BD<�/amJ< , m3/3�9A�25BD60B5<$6

H��



��� ��� ������
 ��� ��
�� �2�&� � � � 
 � 
�� � 
 ������
 
 


m3<�6 =amJ<$F0<�6 � � 47=S��<$/3=wmML9/wm3<
H
-0A�ACBDth4760; BDA �9t�<�/3<$6 F]<$/3<$B5EGF V]n7EGF0=am V�B5<$;0<�/P��-:=J47A�AC<$6��
BDA�-06�mJ<$/3<$6 F]<$/3<�BDEGF t:B525;:<$m"=wB5EGF�<�B56�60<$-0<�=�47-0=�y{kl�7?�-:=�k � } �
� 6 O�t0t0BD25;0-06:8 -0�+*&H B5=wm�<�BD6 ,.<�B mJ�0-:60?�m��$-0A 1(60;:< ;0<�/��~B�4K=wmJ�725<�;h47/w89<�=amJ<�2D2Dm � O�-0=�;:<�A
\ �92D-0A�<�6 � ,.<�BDm � �~B54789/347ACA BD=wm �$- <�6�mJ6:<�F0A�<�6���;h47=w= ;0B5<��~60;:<�/3-:608�;0<�=I\ �925-0A�<�6:=~p0t�<�/
;0BD<�,.<�BDm�BD6�;0B5<$=3<�A FS<�/3<$B5EGF 89<�/wB5608�B5=am � �~47=�t�<�;:<�-:m3<$m ��;h47=w=�;:B5<`�~<
oq�9/3AC4KmJBD�96�;0<�/ 7WBD/ �
t�<�2D=wmJ/w-0?�mJ-0/P��-C;0B5<$=3<$A�,.<$BDm3�0-060?�mS;0-0/3EGF ;0B5<�z�/Jn789F:<�BDmS;0<$/ 7WBD/3t�<�2ht�<�=wm3B5A�A�m V�B5/w; � �~<�/
kh�9?U-0=]k � V�B5/w; t�<��$p08925BDEGF ;0<$=�F0�9/wB5���76UmJ4725<$6 5�47608947EGF0=3<$60=3EGF:60BDmwmJ="B56C;0B5< r BDmwmJ<>;0<�= \ <�6 �
m3/3B5?K<�2D=��.t�<��$p0892DB5EGF ;0<$=`v7<�/amJB5?@472D<�6 5�47608947EGF0=3<$60=3EGF:60BDmwmJ<�=�476 ;0BD<�25BD60?7< |><�/w�WV]4760; mJ/J4K60= �
���9/wm3B5<$/wm � |�BD<�/3t�<�B�v9<�/w;0/JnK6087m�;0B5<$=3<$/�;0<�6 kh�9?U-0=�k * B56 ��B5EGF�mJ-06:8 O"�7/wmJ<$60?U2�47�:��< � �~<�/
kh�9?U-0=~k � v9<$/3t02D<�BDt:m
47A � /wm~=3<$B560<$/
1(6Um3=wm3<�FU-0608 �.Fh4Km �w<$;0� EGFs;0<�-:m325BDEGF 476 H
/MLJ_9< ��-:89< �
60�7ACA�<�6 �
�~BD< x
<$/360=amJ/ML7A�-0608�mJ<�BD2Dm =3BDEGF BD6 � ��B5EGF�m3-06089<$6 47-:o � 1(B56 z�<$B52 ;0<$/ , m3/3�9A�25BD60B5<$6 ��<�BD89<�6
<$B560<`�~-:/3EGF0=amJ/ML7A�-0608�B56�<$B560<$/�x`/w<�BD=3t�<WVS<�89-06:8�-:A ;0<�6�kh�9?U-0=�k � �CV�nKF0/3<$60; ;:B5< � V]<$BDmJ<
|�47-0�:m3/3B5EGF�m3-0608 ;0<$/ , m3/ML9A�-:608 p0t�<�/�;0<�6 kh�9?U-0=
k � oqp0F0/am � �~B5< , mJ/w�9A�25B56:B5<�6���<$B589<$6It�<�B
t�<�BD;0<�6 7WB5/wt�<$25-0A�=wm3/ML9A�-06089<$6 B56 ;0<$6 F0BD6�mJ<�/w<�6 z�<$B52�;:<�=�\ <�6�mJ/wB5?K<�25=Cyq=3B5<$F0<�O~t:t0B52D;0-0608
-0�+*&H �@� � , mJ/3�7AC2DB560BD<�6l} � ��B5< 7WB5/wt�<$25?K�96�"h89-:/J4Km3B5�96 -:60; ;:B5<
z�<�B52D-0608 ;0<$/>x`<$/360=amJ/ L9A�-0608
BD=wm�B56�;0<$/ O~t0t0BD25;0-:608 -0� �J/ =3?UB5�$��B5<$/wm �

V *

1 t *
Wirbellinien

Hauptgeschwindigkeitsrichtung
Wirbelkernlinien und

O�t0t0B52D;0-0608 -0���[/ �^1(6�m V�B5EG?U25-:608 ;:<�=`��B5608[V�BD/3t�<�2D=~-060;?O�-:o mJ<$B525-:608 ;0<$/`|~47-0� mJ89<$=3EGF8V�B56 �
;0BD89?7<$BDm3=3/3BDEGF�mJ-0608��$-0A�1(60;:<�;:<�/
�~B547=wm3�925< �.t�<�B�87<�/3BD6089<$/ �~6:;0<�/w-0608�;0<�= \ <$6Um3/3BD?7<�2 v9�92D- �
A�<�60=�p0t�<�/";:B5<�,.<�B m

�~BD<��>BDEGF�mJ-0608�;0<$/ , m3/3�9A�25BD60B5<$6sBD6 O�t0t0BD25;0-06:8 -:� *&H yqF0�9/3BD���96�mJ4725<$/ 5�4K608�47EGF0=w<�60=wEGF060B m3m }
VS<�BD=3<�6 t�<�/w<�B mJ=~;:B5<��>BDEGFUm3-0608 ;:<�/ O�-0=3=amJ/ L9A�-0608�;:-0/3EGF ;0BD<�6:� EGFI87<�=3EGF:25�9=w=3<�6:<�O"�9/wm3<�6 �
?U2�4K�0��<`4K-:o �
� 6�O�t0t0B52D;0-0608 -0� �7� B5=am <$B56 ,.<$BDmJ�:-060?�m
?U-0/3��6h47EGF ;0<$/ � E.6U-0608�;:<�/ O"�9/amJ<$60?U2�47�0��<�;h4K/ �
89<$=wm3<�252 m � �~B5<�O�-0=3=amJ/ML7A�-0608�<�/aoq�9258Km"-06�mJ<$/>;:<�/���-:v7�9/�;0-0/wEGF ;0BD<
�~<
oq�9/3AC4KmJBD�96�;0<$=���B56:8 �

H9�



��� ��� ������
 ��� ��
�� �2�&� � � � 
 � 
�� � 
 ������
 
 


V�BD/3t�<�25= 47-:oq89<$�0/Jn78KmJ< F]< V]<$89-0608 � ��<�/ kh�9?U-0=`k * B5=am
t�<$/3<$BDmJ=`4K-0=389<$=3�0p:2Dm -060; ��BD<�F�m ;0<�6
kh�9?U-0=�k � ACB m � �~<$/~kh�9?U-0=�k � oq�9258Km�;0B5<$=3<�/IF]< V]<$89-0608 -:60;s<$=�t0BD25;0<
m>=3B5EGF <�BD60< 7WB5/3t�<�2 �
=amJ/3-:?Um3-0/
B56 kh�9/wA <$B560<$/`x
<$m3m3<�47-0= � �~<�/ O�-0=3=w�0p02Dv7�9/38947608���- ;0BD<�=3<$A*,.<$BDmJ�:-060?�m`B5=am
B56
O�t0t0B52D;0-0608 -:���[^ =w?�BD���$B5<�/am �
�~B5<�BD6 O�t0t0BD25;0-06:8 -0���K� ;047/389<$=wm3<�252 mJ<$6 =wB56087-02�n7/w<�6 �(-060?�mJ<�=3BD60; 6U-0/�?U-0/w���$<�BDm3B58�t�<�=wm3< �

Wirbellinien
Hauptgeschwindigkeitsrichtung

Wirbelkernlinien und

V *

1 t *

O�t0t0B52D;0-0608 -:���[^ �`O~-:=3t0BD25;0-06:8";0<�=���B5608[V�BD/3t�<�2D=.B56`kh�9/wA <$B560<$/�x`<
m3m3<(��-`<�BD60<�A ,.<�BDm3�0-060?�m
6h4KEGF � E�6�-:608C;:<�/ O"�9/wm3<�60?U2547�0��<
F0<$60;0< , m3/3-0?�mJ-:/3<�6 ��;0B5< 4K-:o , EGF0<�/w=3EGF0BDEGFUm3B560=amG47t:B525B mGnKm3<�6 �$-0/3p0EG?U�$-:oqp0F0/w<�6 =wB560; ��, B5<�=wB560;
oqp0/�;0BD<]892D�9th472D< , mJ/w-0?�mJ-0/�;:<�/ , mJ/ML7A�-0608�B5/3/w<�2D<$vK476�m!-:60;2VS<�/3;:<�6 ;h47F:<�/!BD6�;0<$/(�~BD=3?U-0=3=wB5�96
;0<$/>1 /w89<�t:60B5=w=3<`60B5EGF�m>t�<�/3p:EG?�=wB5EGF�mJBD87m �
� 6 ;:<�/ O�t0t0BD25;0-06:8 -0� �7� BD=wmS<�BD6�,.<�B mJ�0-06:?UmSB5A VS<�B mJ<�/w<�6 \ <$/32547-:o�;0<$/ , ��=amJ�92D<~;h47/w89<�=amJ<$252Dm �
�~BD< 7WB5/wt�<$25=amJ/3-:?Um3-0/�BD=wm �$- ;:B5<�=w<�A�,.<�BDm3�0-060?�m 6:� EGF mJ<$B52+V]<$B5=3<C<�/wFh472Dm3<�6 -06:; 2 L9=wm�=3B5EGF
<$/3=wm>�$-0A 1(60;0< ;0<�/ , ��=amJ�92D< y"O~t0t:B525;:-0608 -0� �N* }Sv7�9252D=wmGnK60;0B58�47-:o �

� 
 ��������� �K����� ����� �()*�"��� '��`	�+"%�&('���� � �
� 
 �"�$% �
	�+����

|><�/3AC47606Cv9�96�|><�2DACF0�72DmJ��oq�9/wA�-025BD<�/amJ<���-0/ F]<�=wEGF0/3<$B5t0-:608�v9�96 7WBD/3t�<�2D6 � 89/w-060;02D<�89<$60;0<
, n@mJ��<K�

� 1(BD6�7WBD/3t�<�2Do{4K;0<�6 Fh4Km�?7<$B56 oq/3<�BD<�=C1(60;0<sBD6060<$/3Fh472Dt <$B560<$= k�25-0BD;0= � 1(/�B5=am <$6Um VS< �
;:<�/�89<�=wEGF025�7=3=3<$6d� ;:<�/�<�60;:<$m 476 <$B560<$/ FS<�89/w<�60�$-0608 ;:<�= k�25-0BD;0=���=w<�B�<�=C476 <�BD60<�/
H
<$o{nQ_[V�4K60;�� ;0<$/>476�;0<�/ 7 47=3=w<�/3�7t�<$/ �ln7EGF:< �

� FS<�B O�t8V]<$=3<�6:F0<�B m>v7�96���<�B5t:-0608�?@47606�<$B56 7WBD/3t�<�2	V]<$;0<�/"<$/3��<$-087m"6:� EGF�v9<$/360BDEGF�mJ<$m
VS<�/w;0<�6 �

H[-



��� ��� ������
 ��� ��
�� �2�&� � � � 
 � 
�� � 
 ������
 
 


� ��B5<�,.BD/3?U-02�4@mJB5�76 z B5=am�oqp0/ �w<$;0<�6#t�<�2DB5<�t:B58s87<�=3EGF:25�9=w=3<�6:<�6 7 <�8 �!;0<$/ ;0<�6 7WB5/wt�<$2
<$B560AC472�-0AC25n7-:o m��:?7�760=wmJ476�m �

O�-0=(;0<�A <�/3=amJ<$6 |><�25A�F0�92 mJ�$=3EGF0<$697WBD/3t�<�2D=J4Km3�]oq�9258Km �@;h47=3= <$B56 7WB5/wt�<$20<�6�m VS<�;0<$/]4K25=!7WBD/ �
t�<�2D/3B56:8�BD6 =wB5EGF 89<�=wEGF025�9=w=3<$6IB5=am �l� ;:<�/�;h47=w=~<�BD6 7WBD/3t�<�2�476�<�BD60<�/�k!25p:=3=3BD89?7<$BDm3=3�9t�<�/ �ln7EGF0<
t�<�89BD606�m�-060; 476�;0<�A H
<$o{nQ_9t���;0<$6�<$60;0<
m �
� 6 ;:<�/Sv7�9/387<�=wm3<�2D2DmJ<$6 5�L9=w-0608�;0<$/ \ <$6Um3/3BD?7<�2D=wm3/ML9A�-:608�t0BD25;0<
mP=3B5EGF ;0<�/ 7WB5/3t�<�2lt�<�BDA 1 BD6 �
m3/3BDmwm�472D=��>BD608[V�B5/wt�<$2^47-:=��h;0<$/><$/3=amJ<�|�<�2DACF:�92Dm3=3EGF0< 7WBD/3t�<�2D=J4Km3�
B5=wm�=w�9A�BDm"<$/woqp02D2Dm �
O�-0=�;0<$A � V]<$BDmJ<$6 |�<�2DACF:�92Dm3��=3EGF:<�6-7WBD/3t�<�25=34KmJ�C2�n[_Km�=wB5EGF 47t:25<�B mJ<$6���;047=3=�BD6 <�BD60<�/�/3<$B �
t0-:6089=woq/w<�BD<�6 k�25p0=w=3B587?7<�B m ?7<$B560< 7WB5/wt�<$20<�6�mJ=amJ<$F0<�6�?QL96060<$6 � , B5<�t0B52D;0<�6�=wB5EGF ;:<�=3F04725t�=wm3<$mJ=
BD6skh�92D89< v9�96s�><$B5t0-:6089=wv7�9/389n76089<$6��l<�6�m V]<$;0<�/
BD6�;0<�/ , EGF0<�/w=3EGF0BDEGF�m
�WV�BD=3EGF0<$6I�WVS<�B�k!25p:= �
=wB589?K<�BDm3<�6 ACB m�-06�mJ<$/3=wEGF0B5<$;025BDEGF0<�6�H`<$=3EGF8V�B560;:B589?K<�BDm3=389/347;0BD<�6�mJ<$6���;0<�/�BD6 ;:<�/�H`/w<�60�$=3EGF0BDEGF�m
t�<�;0BD6087m�;0-:/3EGF |~4Ko m3/3<�BDt0-0608�476 7 n760;:<�6 �
�~<$/ �>BD608[V�B5/wt�<$2�<$6�mJ=wm3<�F�m�t�<$B5A�1(BD6Um3/3<
mJ<�6 ;0<$=�k�25-0BD;0= ;0-0/wEGF ;:B5<�r B mJ/J4K25?U2�47�:��<�B56 ;0<�6
\ <$6Um3/3BD?7<�2 � � 4K=>=amJ/ L9AC<$60;0<`k!2D-0B5;CmJ/3B+E�m]B5A�r BDm3/J472D?U2�47�0��<�6Ut�<�/w<�B5EGF�4K-:o�;h47="B5A�\ <�6�m3/3B5?K<�2
=amJ<�F:<�60;0<�k!2D-0B5; VS� ;:-0/3EGF =3B5EGF�=wmJ47/3?K< , EGF0<�/w=3EGF0BDEGFUm3<�6 47- oq89/3-06:;�;:<�=~H`<$=3EGF8V�B560;:B589?K<�BDm3= �
-06�m3<�/3=wEGF0B5<$;0<�=~47-0=wt0B52D;0<�6 � O~-:oq89/w-060; ;0B5<$=3<�/ , EGF:<�/3=wEGF0B5EGF�m3<�6 t0BD25;0<
m"=3BDEGF ;0<$/~��B56:8[V�B5/wt�<$2
47-:=�� V]47=�;0-0/3EGF ;0<�6��WVS<�B mJ<$6I|�<$25A�F0�92 mJ��=wEGF0<�6 , 4@mJ�`t�<$=wmJnKmJBD87m V�B5/w; �
�~BD< O~-0=wt0B52D;0-0608`;0<$=]��B5608QV�B5/3t�<�2D=�B56 v7�9/389<$=wm3<�252 mJ<$/ 5�L9=w-0608 =wm3<�F�m];:<�A�6h47EGF BDA 1(B56:?�2547608
A�BDm ;0<$6 v9�96#|><�25A�F0�92 mJ��oq�9/3A�-025BD<�/wm3<�6 , nKm3��<�6 � � 4I;0BD< ���7mG4@mJB5�76 ;0<$=��>BD608[V�BD/3t�<�25=`BDA
VS<�B mJ<�/w<�6@\ <�/w2�47- o�;:<�/ \ <�6�m3/3B5?K<�2D;0-0/3EGF:=wmJ/ L9A�-06:8�<$/3Fh4K2DmJ<$6�t025<$B5t:m��:;0BD< 7WB5/wt�<$25=3nKmJ�$< ;0<�A �
6h4KEGF 60BDEGF�m>v7<�/w25<$m3�$m��hB5=wm�;:B5< v9�7/389<$=wmJ<$252 mJ< 5�L9=3-06:8�?K�96:oq�9/wA A�BDm";0<$6 7WBD/3t�<�2D=JnKm3��<�6 �

� ��%���� � ��� �K��%�%������ ����� � �!� � 
����$%�%��

�~BD< , mJ/w-0?�mJ-0/ ;0<�/ , m3/ML9A�-:608 BDA \ <�6�m3/3B5?K<�2 V�B5/w; ;:-0/3EGF ;:B5<�1(6Um3=wm3<�FU-0608 ��1(6�m V�B5EG?U25-06:8
-06:; ��<$oq�9/wA 4Km3B5�96 ;0<�= ��B5608QV�B5/3t�<�2D=�t�<�=amJBDACA�m � �~47= \ <�6�mJ/wB5?K<�2(B5=am BD6 =3<�BD60<�/ FS<WVS<�89-06:8
-06:;s;0<$A ��<�B mJ2DB5EGF0<$6PO�t02�4K-:o�=w� 89<$=wmG4K2DmJ<
m �h;h4K=3=>t�<$/3<�B mJ=���-:A O~t0=wEGF025- _C;0<�/�k!p02D25-06:8�;:B5<
, m3/ML9A�-0608 ;0B5<��>BDEGF�mJ-0608�;0<�/ oq�92D89<�60;:<�6
O~-0=UV�-0/woq�0F047=3<
4K-:o V]<$B5=am � �~-0/3EGF ;0B5<>x��76Um3/J47?�m3B �
�96 ;:<�= \ <�6�mJ/wB5?K<�25= V�BD/3; ;0BD< , m3/ML9A�-:608
;0<�= F]2D-:mJ<$=(;0-0/wEGF�;:B5< O"�9/amJ<�6:?�2547�0��<�-06�mJ<$/3=amJp:m3�$m �
60BDEGF�m!4Kt�<$/�;0B5<P��B5EGF�mJ-06:8>;:<�/ , mJ/ L9A�-0608>47- oq89<��0/3n787m � �~<�/�\ <$6Um3/3BD?7<�28V�BD/3;`B56`<�BD60<�/ �hBD<`_9<$6 �
;0<$6 FS<WVS<�89-06:8 �U�9F060<>47-0=w89<��:/Jn787m3<G\ <$/3�WL989<�/w-06089= � t0�WV � F]<$=3EGF02D<�-06:B589-06:89=3�0F047=3<$6 ;0-0/wEGF
��B5EGF�mJ-:6089=JnK60;0<�/w-06089<$6s;0-:/3EGF0=amJ/ML7A�m �
�~BD< |~47-:�:mJt�<WVS<�89-:608 ;:<�=PF]25- mJ<�=�t�<�B~;0<�/��~-:/3EGF0=amJ/ML7A�-0608 ;0<�=@\ <$6Um3/3BD?7<�2D=�p0t�<�/�;0<�6
89<$=J47A�mJ<�6s, ��?U25-0="BD=wm�B56 O�t0t0B52D;0-0608 -0� �[H =3?UBD����BD<�/am �

H8K



��� ��� �	���&����
 ������������
 � �����

O�t0t0B52D;0-0608 -0� �[H ��|~4K-0�:mJt�<WVS<�87-0608�;0<$= F]2D-:mJ<$=~t�<�B�;0<�/~�~-0/3EGF:=wmJ/ L9A�-06:8 ;0<�=I\ <�6�mJ/wB5?7<$25=
p0t�<�/�;0<$6 87<�=J4KA�mJ<$6I, ��?U25-0=

� 
�� � � ��&('�% � ����������%��`��� �

� A�V]<$BDm3<�/3<$6P\ <$/32547-:o�;0<$/�kl�7/3=3EGFU-06:89=wmJnKmJBD89?7<$BDmJ<$6�B5A F]<�/w<�BDEGF�;:<�/ F]BD�9=wm3/ML9A�-06089=wAC<$EGFh4 �
60BD?`-060;�=3��<��$B5<�2D2 BDA FS<�/3<$B5EGF ;0<$/ \ <�6�mJ/wB5?K<�25;:-0/3EGF0=amJ/ L9A�-0608 VS<�/w;0<�6 \ <�6�m3/3B5?K<�20A�BDm�-06�mJ<$/ �
=wEGF0B5<$;025BDEGF�=amG47/w? 47-:=389<$�0/Jn78KmJ<�A x`/34760?UF0<$BDmJ=wt0B52D;�-06�mJ<$/3=3-:EGFUm � 1 t�<�6:=3� VS<�/w;0<�6 \ <�6�m3/3B5?K<�2
v7�9/�-060;s6047EGF�v7<�6�mJ/wB5?U-02D�9�02�4K=wmJBD=3EGF0<$6 � ��<�/J4@mJB5�760<�6�-06�mJ<$/3=w-0EGF�m �.-:A <�BD60< O~-0=w=J4789< p0t�<�/
;0<$6I1(/woq�7258�;0<�/ � ��<$/J4Km3B5�96�mJ/w<WE�<�6s�$-I?[L76060<�6 � ,.-0/>=3<$ACB �U-h476�mJB mG4Km3BDv9<$6s1(BD60=wm3-:oq-0608C;0<�/
\ <$6Um3/3BD?7<�2lBD=wm <�=P60�7m VS<�6:;0B58�<�B56:<~H
/ML[_9<"��-C;0<)"h6:B5<�/w<�6��U;0BD<�<�B56:<GO�-0=3=34789<>p0t�<�/P;0B5<�kh-060? �
m3B5�96h4K25BDmJnKm
;0<$=�-06�mJ<$/3=w-0EGF�mJ<�6�\ <�6�m3/3B5?K<�2D=���-025n[_7m � |>B5<$/3��- V�B5/3; ;0<�/��~-0/3EGF:=3�0p02D-06089=w89/J4K;
<$B56089<
oqp0F0/am �

�$���-��� ����� � ( # ( � �

e�~<�/(��-0/3EGF0=w�0p02D-06089=w89/J47;�B5=am�;0<$/ \ �925-:AC<$6h476�mJ<$B52�;0<�= F]2D-:mJ<$=��7V]<$25EGF0<$/(p0t�<$/(;0B5<�,.<�B m�v9�96
- |�<$/3�$����?U25<�6 B5A 25B56:?7<�6@\ <$6Um3/3BD?7<�2�v7<�/3t:25<�BDt:m � �

�$���-� � ��!-� � � * � � �"! � � * � � + 	 	 �)* ! � # ���'*&! � � # ��� � ��� #&�'( % �)�"*
,.-0/ F]<$/3<�EGF:6�-:608 ;0<�=��~-0/3EGF:=3�0p02D-06089=w89/J4K;0<�= V�BD/3; ;:<�/ FS<�/3<$B5EGF ;:<�=2\ <$6Um3/3BD?7<�2D=�A�BDm <$B �
60<$A �h4K=3=3B v9<$6 , ?K4K2�47/ * �9��	�� BD89<�/�x��760��<$6Um3/J4Km3B5�96 BD60BDm3B�472DB5=wB5<�/am � �~<�/ , ?@472547/�=wmJ<$252 m�;h47= 
e472Dm3<
F]2D-:m���;h4K/��.;047= =3BDEGFIv9�9/ FS<�89BD606I;0<$/ , B5A�-:2�4Km3B5�96�B5A \ <�6�m3/3B5?K<�2�t�<�"h60;0<
m � � 47=~/3<�=amJ2DB5EGF0<
� 6�mJ<$89/J4@mJB5�760=389<$t0B5<
m V�B5/3; A�BDm ��	 x>�960��<$6�mJ/J4@mJB5�76 ;0<$= , ?@472547/3=`B56:BDmJB54725BD=3BD<�/wm��l=wmJ<$252 v9<�/amJ/w< �
m3<�60; oqp0/�;047= 
 oq/3B5=wEGF0< F]25-:m � �(S 47EGF � E�6�-:608I;0<$/�r B mJ/34725?U2�4K�0��< =amJ/ L9A�m 
�oq/3BD=3EGF0<$=2FS25-:m �

HJY



��� ��� �	���&����
 ������������
 � �����

BD6I;0<�6 \ <$6�mJ/3BD?7<$2!-060; v7<�/3A�B5=wEGF�m
=3BDEGF ACB m~;0<$A BDA \ <�6�mJ/wB5?7<$2�t�<)"h60;:25B5EGF:<�6?F]2D-:m � S 47EGF
O�t0=3EGF02D-0=3=
;:<�/
�~B547=wm3�925< -060; � E�6�-:608 ;0<$/ O"�9/wm3<�60?U2547�0��<�=wm3/ML9A�m~;h47=~v7<�/wACBD=3EGF�mJ< F]2D-:m
47-:=�;0<$A \ <$6Um3/3BD?7<�2SB56 ;:<�6#x
/3<$B5=32547-:o � 1(=�v7<�/3t:25<�BDt:m�<$B56 O�6�mJ<�BD2S;:<�= 
e472Dm3<�6 FS25-:m3<�= �CBDA
\ <$6Um3/3BD?7<�2 � �~BD<]O"�7/wmJ<$60?U2�47�:��<`=3EGF:25B5<W_7m�-060;�;0<$/~, ��?U25-:="t�<$89B5606�m�v9�76 60<$-0<�A �
�~<$/~��-0/3EGF0=w�0p02D-06089=w89/J47; =34787m�47-0=��	V�BD<$v�B5<$2�;0<�= 
a472 mJ<$6 F]2D-:mJ<$= �l6h47EGF - , ��?U25<$6sB5A \ <�6 �
m3/3B5?K<�2(v9<$/3t02D<�BDt:m � O~-:=�;0<$A H
/J4K; ;0<$/��~-0/wEGF0=3�:p025-06:8I2�47=w=3<$6 =3BDEGF O~-0=w=J4787<�6 p0t�<�/�z��Km �
V]47=3=w<�/w89<�t0BD<$m3< -:60;d=3�9A�BDm F]<�/w<�BDEGF0< ;0<�= \ <$6�mJ/3BD?7<$25=�� V]<$25EGF0< 60BDEGFUm�476d;0<�/ FS<WVS<�89-06:8
m3<�B52D60<�F:AC<$6�� m3/3<WE�<�6 ��� 6�;0BD<�=w<�6 FS<�/3<$B5EGF0<$6PV�BD/3;�;0BD<�O~-0=w=3�0p02D-0608C60B5EGF�m�v9�92D25�$�989<�6 �
�~BD<Px��960�$<�6�mJ/34KmJBD�96�;:<�= 
a472 mJ<�6 F]2D-:mJ<$= � V�BD/3; �w<WVS<�B52D=�6047EGF�;0<$/ � E�6U-0608~;:<�/!r BDm3/J472D?�2547�0��<
-06:; 6047EGF ;0<�A , EGF025BD<`_9<$6 ;0<�/ O"�9/wm3<�60?U2�4K�0��< ��472D=3� �$-0A F]<$89B56:6 ;0<�=
6hnKEGF0=wm3<�6 , � ?U2D-0= �
=w<�=��:47-0=w89<WVS<�/amJ<$m � �~<�/ \ <�/32547-:o�;:<�/"x>�960��<$6�mJ/J4@mJB5�76 p0t�<�/];:B5< - , � ?U2D<�6�B5=am�BD6 O~t:t0B52D;0-0608
-0� �9� ;h47/w89<�=amJ<�2D2Dm � �~B5< x��760��<$6Um3/J4Km3B5�96 B5=am~4K-:o(;0BD<]O�6:o{476087=3?7�760��<$6Um3/J4Km3B5�96s60�9/3A�B5<$/wm��0;h47=
\ �92D-0A�<�6sBD=wm 47-:o ;h47=�<�60;:= ��=wm3�925BD=3EGF0< \ �92D-0A�<�6st�<��$�989<$6 -060; ;0BD< ,.<�B m~BD=wm~ACB m~;0<$/
,.<$BDm
oqp0/"<$B560<$6I, ��?U25-:=><$6�mJ;0BDAC<$60=3BD�960B5<$/wm �

V
V0

1
0.8

0.6

0.4

0.2

0

1 2 3 4

2

1

c
c0

t
t0

O�t0t0B52D;0-0608 -0� �9� � ��-0/3EGF0=w�0p02D-06089=w89/J47;d;:<�=�-06�mJ<�/w=3-0EGF�m3<�6 \ <�6�mJ/wB5?K<�25= � y
c0 = 1

�
V0 =1(60;0= ��=wmJ�725B5=wEGF0<�= \ �92D-0AC<$6��

t0 =
,.<$BDm"<$B560<$=~, ��?U25-:=3=3<$=G}

�~<$/ �~-0/3EGF:=3�0p02D-06089=w89/J4K; ;0<$= -:6Um3<�/w=3-0EGF�mJ<$6 \ <�6�m3/3B5?K<�2D= t�<$m3/Jn78Km
0
�^;h4�=wB5EGF 6h47EGF - , � �

H8/



��� ��� ������
 � �&��� 
 
������ � ���	��
�� 
 �&��� 
���


?U25<$6 ?K<�BD6 
a4K2DmJ<$=]F]25-:m � A�<�F0/`BDA \ <�6�mJ/wB5?K<�2 t�<�"h60;0<
m � �~<�/ \ <�6�m3/3B5?K<�2 V�B5/w; BD6 � , ��?U25<�6
;0-:/3EGF0=w�0p02Dm��l;0B5<$=>;:<�EG?�m~=wB5EGF ACB m";0<�6 F]<��7th47EGF�mJ-06:89<�6I;:<�/ O~-0=wt0/3<$BDm3-06089=aoq/3�96�m�;0<�= , ?@4 �
2547/3=���;0BD<��$<�B587<�6���;h47=3=~<�B56 , ��?U25-:= ��-0/�v9�92D25=wmJn760;0BD89<�6s�~-0/wEGF0=3�0p:25-0608�60BDEGF�m`47-0=w/3<�BDEGF0<�6:;
BD=wm �

� 
�� � � 	��"�`���`�$� ��	������ ������% 
����!�$��%^	��

,.-0/ FS<�=wm3B5A�A�-0608 ;:<�/�B56�m3<�89/34725<$6 , mJ/ L9A�-06087=wv9<$/32D-0=wm3< �"F0<$/wv9�7/389<$/3-:oq<$6 ;0-0/wEGF ;:B5< H
< �
=amG472 mJ=JnK60;0<�/w-0608
-06:;�;:B5<"��<�BDt0-0608 �7V�B5/w; ;0<�/�=amJ/ L9A�-06087=3A�<�EGFh476:B5=3EGF:< 7WBD/3?U-06087=389/347; ;0<�=
\ <$6Um3/3BD?7<�2D=�t�<�=amJBDACA�m � �~<$/ 7WB5/w?U-06089=w89/J47;

η
V�B5/w;�4K-0=�;:<�/ � A��0-02D=3t0BD2�476:��6h47EGF�H
25<$B5EGFU-0608

-0�+* t�<$=wm3B5A�A�m �
η =

∑
IEin

∑
IAus

y -0�+* }
�~BD< , -0A�AC<
;0<$/ � A��0-02D=3< ∑

IEin

=3<
mJ�$m�=3BDEGFI47-:=>;:<�A � A��0-025=
IDiastole

;0<�=�k!25-:B5;0="t�<�BDA
1(B56:=wmJ/ L9A�<�6 ;0-0/wEGF ;0BD<�r BDm3/J472D?U2�47�0��< V]n7F0/w<�60; ;0<$/���B�47=amJ�92D<�-060; ;0<�/`;0-:/3EGF ;0B5<�x>�96 �
m3/J47?�mJBD�96�;0<$/ \ <$6�mJ/3BD?7<$25A�-0=w?U-02�4Km3-0/>47-:oq89<$�hn787m3<�6 � A��0-025=w< �

IMuskulatur

��-:=J47A�AC<$6 �
∑

IEin = IDiastole + IMuskulatur

y -0� � }

�~<$/ � A��0-02D=�;0<$=(k!2D-0B5;0=
IDiastole

t�<�/w<�EGF060<
m =3BDEGF 47-0=�;0<�/ , -0A�AC<P;0<�/ � AC�:-025=w?�/3nKo mJ<
FDia,i�$- ;0<$6 ;:B5=3?U/w<$mJBD=3BD<�/wm3<�6 ,.<�B mJ<$6 4tDia,i

6h4KEGFIH
25<$B5EGFU-0608 -0� �:�

IDiastole =
∑

FDia,i4tDia,i

y -0� � }
�~BD< � AC�:-025=w?�/3nKo mJ<

FDia,i

<$/389<$t�<$6 =wB5EGF 47-0=�;0<$A � AC�0-:25=3=34KmJ�
BD6�;0<�/>kh�9/3A

FDia,i = −
∫

AMit,i

ρ~vDia,i(~vDia,i~nDia,i)dAMit,i.
y -0�.- }

~vDia,i

=3B56:; ;0BD< H`<$=3EGF8V�B56:;0B589?K<�B mJ=wv7<�?�mJ�7/3<�6sB5A�r BDm3/J472D?�2547�0��<�6Ut�<�/3<$B5EGF V]n7F0/w<�60; ;0<�/�;0BD= �
?U/3<
mJBD=3B5<$/wm3<�6�,.<$BDm 4tDia,i

�
nDia,i

;0<$/S�$-089<�FCL9/3BD89< S �9/3AC472D<�6�v9<$?Um3�9/S47-:o�;0BD<�r BDm3/J472D?�2547�0��<
-06:;

AMit,i

;0B5<`k!25n7EGF0<
;0<$/�r BDm3/J472D?�2547�0��<IV]n7F0/w<�60; ;0B5<$=3<�/�,.<$BDm �
�~<$/�;0-0/3EGF ;0BD< \ <$6�mJ/3BD?7<$25?7�76Um3/J47?�m3B5�96 47-:oq87<��0/3n787mJ< � A��0-02D=

IMuskulatur

t�<�/w<�EGF06:<$mC=3B5EGF
6h4KEGFIH
25<$B5EGFU-0608 -0�RK �

IMuskulatur = FMus,i4tKon,i

y -0�RK }
�~BD<�;0-0/wEGF ;0B5< x>�96�mJ/347?�mJB5�76I;0<�/ \ <$6�mJ/3BD?7<$25A�-0=w?U-02�4Km3-0/
47- oq89<��0/3n787m3< x
/J4Ko m

FMus,i

V�BD/3;
;0-:/3EGF � 6Um3<�89/34KmJBD�96�;0<�=��~/w-0EG?7<$= 47-:o�;0<$/ \ <$6�mJB5?K<�2D�9t�<$/ �lnKEGF0< �

∫

AV entrikel,i

pV entrikel,idAV entrikel,i

�$-0A ,.<�B mJ�0-:60?�m
tKon,i

t�<�/w<�EGF060<
m �
�~<$/ 47-0=amJ/3<
mJ<$60;0< � AC�:-025=

IAus

<$/389BDt:m(=wB5EGF�47-0=(;0<$A � A��0-025=�;0<�= ;0-:/3EGF�;0B5< O"�7/wmJ<$60?U2�47�:��<

HJ^



��� ��� ������
 � �&��� 
 
������ � ���	��
�� 
 �&��� 
���


BD6 ;0BD<2O"�9/amG4C47-0=3=amJ/ L9AC<$60;0<$6 r <�;:B5-0A�=GV]n7F0/w<�60; ;:<�/ , � =amJ�92D< � 1(/~<�/w89B5t m�=wB5EGFI<$6�mJ=3�:/3< �
EGF0<$60;s;:<�6sH`2D<�B5EGFU-06:89<�6 -0� � -060; -:�Z- 47-0=�H
25<$B5EGFU-0608 -0�ZY:�

IAus =
∑

∫

AAor,i

ρ~vSys,i(~vSys,i~nSys,i)dASys,i4tSys,i

y -0�ZY }

�~<$/ 7WB5/w?U-06089=w89/J47; ;0<�=�-06�mJ<�/w=3-0EGF�m3<�6�\ <�6�mJ/wB5?7<$25=�<$/389BDt:m�=3B5EGF �$-
45, 81%

��=3�7ACB m VS<�/ �
;0<$6

54, 19%
;:<�/�47-:oq87<WVS<�60;0<
mJ<$6I1(60<�/w89B5<
BD6 H`<$=wmGnK2DmJ=3n760;0<$/3-06:87v9�9/w8�n76087<
-060; �><$B5t0-06:8

-0A�89<$=3<$m3�$m �

HJH



� ��� �	�P� � �

� ��
@��� � � ��� � 
@
 ����� ����� � ��
 � ����� �

� 
�	 � ��%�� � � ��� �7� %�%������

r ��;0<$/360< z"F0<�/347�0B5<$�9�:m3B5�960<$6N;0<$/CmJ<$/3A�B56h4K25<�6 |�<$/3�$B560=w-�����B5<$60�I;0-:/3EGFNv9<
mJ/wB5?U-025�7�02�47=amJB �
=wEGF0< � ��<�/J4@mJB5�760<�6�� V�B5<�t�<$B5=w�0B5<$25= VS<�BD=3<�;0BD< \ <$6�mJ/3BD?7<$25/3<$?7�96:=wmJ/w-0?�mJBD�96 6h4KEGF �~�9/���=3<$m3��<$6
89<$6h47-0<~x
<�606�mJ6:B5=3=w< p0t�<�/S;0B5< , mJ/ L9A�-06:8�B5A 25B56:?7<�6 \ <�6�mJ/wB5?7<$2�A�<�6:=3EGF02DB5EGF0<$/�|�<$/3�$<�6�-060;
BDF0/3<$/ F]<�<$B56��h-:=3=3-:608 ;0-:/3EGFs;:B5<�H`<$�9A�<$mJ/wB5< -:60;s;0BD< F]<WVS<�87-0608 ;:<�= \ <�6�mJ/wB5?7<$25="v9�7/3/J4K-0= �
O�25=�-06�m3<�/3=amJp:m3��<$60;0<�= 7 <$/3?U��<$-08 ��-0/P1(B560=amJ-:oq-:608
;0<�/Px
/J4K60?UF0<�B mJ=387/J47;0<"-:60; ��-04725B mG4Km3BDv9<$/
1(B56:=3EGFhnKm3��-06:8 ;0<�/ 1(/woq�92D89<�v9<�6�m3/3B5?U-02D�9�02547=wm3B5=3EGF:<�/ � ��<�/34KmJBD�960<$6�V�B5/w;N47A � 6:=wmJB mJ-:m�oqp0/
, m3/ML9A�-06089=w25<�F:/3< 4K6 ;0<�/�u�60B v9<�/w=3B mGnKm�x 4K/325=w/3-0F:< <�BD6 r ��;0<$252P��-0/ u>6�mJ<�/w=3-0EGFU-06:8 2DB560?K<�/
\ <$6Um3/3BD?7<�2�4K-:o F]47=3BD=>�04KmJBD<�6�mJ<$60=3��<��$B#"h=wEGF0<�/�� 4Km3<�6s<$6�m V�B5EG?7<$2Dm�y x`49|~r �U} �
,.BD<�2];:B5<�=w<�/�O�/3t�<�BDm2V�47/ <$=��(-06�m3<�/ \ <�/UV]<$60;0-06:8 ;0<$= ?7�9A�AC<$/3�$B5<�2D25<$6 , �7o m V]47/3<$�h47EG?K<$mJ<$=
�
	'� 
������ �W;0<$6 47?�mJB v9<�6sz�<$B52�v9�96Ix 47| r �C��-s<$/3=amJ<�2D25<$6 � ��<�/�47?�mJBDv7<�z�<�BD2�t�<�<$B560F0472Dm3<$m
;0<$6 25BD60?7<$6 \ <�6�mJ/wB5?K<�2 ��<�BD6 r ��;0<�2D2�;:<�/
|><�/3�$?U2�47�0��<�6 �.<�BD60<�6s89<�60<$/3BD=3EGF0<$6 2DB560?K<�6 \ �7/3F0�7o
-06:;�<$B560<~89<�60<$/3BD=3EGF0< O"�9/amJ<�68V�-0/w��<$2 � �~BD< H`<$�9AC<
mJ/wB5<~-:60;�;0B5<�FS<WVS<�89-06:8C;0<$= \ <�6�mJ/wB5?7<$25=
VS<�/w;0<�6s47-0=�rs47896:<$m � �><$=3�9604760� � z��7AC�987/J47�0F:B5<
� 4@mJ<�6�/3<$?7�96:=wmJ/w-0B5<$/wm �
�~BD< F�47=wB5=�;0<�/�H
<��7AC<
mJ/3BD<�/w<�?7�760=wm3/3-0?�mJBD�96#t0B52D;0<�6 rs��z � � 4Km3<�6��(;:B5<�B56#;0BD89BDmJ4725<$/�kh�9/wA
<$B560<$/ �(-060?�mJ< V]�725?7< 4K25=C1 /w89<�t:60B5= <$B560<$/ , <�89A�<$m3B5<�/w-0608 ;:<�/ ���9F0;04KmJ<$6 v9�9/w25BD<�89<$6 � r�BDm
;0<$A , �7o m V]47/3<$�h47EG?K<$m � O(z � O v K � H VS<�/3;:<�6�47-:=S;0BD<�=w<�6C� -:60?�mJ<�6 ;0-0/3EGF z�/wB�476087-02�47/wB5=wB5< �
/w-0608�BD6Um3<�/w���92DB5<$/wmJ< � t�<�/ �hn7EGF0<�6�<$/3=amJ<�2D2Dm � ��-0/3EGF , EGF:60<�BD;0<�6�=w��<$��B5<$252�;0<)"060B5<$/wmJ<$/�1(t�<�60<$6
A�BDm ;:<�6 � t�<�/ �ln7EGF0<$6�<�6�m3=wmJ<$F0<�6 , �025BD60<�=���47-:o ;0<�/w<�6 F�47=3BD=#;0B5< F]<$/3<�EGF:6�-:6089=36:<$mJ�$<
89<$60<�/wB5<$/wm]V]<$/3;0<$6 � �~BD< S <
mJ�$89<�60<$/3BD<�/3-:608 V�B5/w; A�BDm ;0<�A �(/3< � �(/3�9�$<�=w=3�9/�;:<�= , �Ko m V�47/w< �
�h4K?7<$m3<�= �
	'� 
������ � /w<�472DB5=wB5<�/am � ,.- �w<$;0<�A O~-:oq6047F0A�<���<$BDm3�0-060?�m VS<�/w;0<�6dmJ�7���92D�989BD=3EGF
n �U-0B vK4725<$6Um3< S <$m3��< 89<�60<$/3BD<�/wm � �~-0/3EGF \ <$/3=wEGF0B5<$t0-0608 ;:<�/Cx`6:�7mJ<$6d47-:o~B5F0/w<s���9=3B mJB5�760<�6
�$- ;0<$6 �w< V]<$B525BD89<�6 ,.<$BDmJ�:-060?�mJ<$6PV�BD/3;�;0B5<]F]< V]<$89-0608C;0<�= \ <�6�mJ/wB5?K<�25=�/w<�?7�760=wm3/3-0BD<�/wm � �~B5<
S B5EGF�m � S <WV"m3�960=wEGF0<�6 1(B589<$60=3EGF04Ko mJ<$6 V]<$/3;0<$6 ;0-0/3EGF <$B560<$6 A�� ;0B�"h��BD<�/amJ<�6 � /3�7=3= � O~60=34KmJ�
A�� ;:<�252DB5<$/wm � ��B5<"892D�9th472D< , m3/3-0?�m3-0/ ;0<�/ , m3/ML9A�-0608
��-:/ � E�6U-06089= � t0�WV �8, EGF025BD<`_9-:6089=3�:Fh47=3<
;0<$/>|�<�/w��?U2�4K�0��<$6�V�BD/3;�;0-0/3EGF <�BD6Ir ��;0<$252�;0<$/~x
2�4K�0��<$6�6h47EGF089<$t0B52D;0<$m � � 47=~r ��;0<�2D2�;0<�/
x
2�4K�0��<$6 V�BD/3; A�BDm�=3��<��$B5<�2D25<$6 �>4760;0t�<�;0BD6089-06:89<�6���;0<�6:<�6 vK47/3B547t02D< �~/w-0EG?8V�B5;0<$/3=amGn760;:<
�$-089<WV�BD<�=w<�6 VS<�/3;:<�6��(-0A�89<$=3<$m3�$m � �~-:/3EGF \P47/3B54KmJBD�96 ;0B5<$=3<�/ 7WB5;0<$/3=amGn760;:< 2�n7=w=wm�=3B5EGF ;:B5<

* �9�



��� ��� � � 
 � � ��� �

, m3/3-0?�m3-0/ ;0<�/ , mJ/ML7A�-0608�-06:; ;047=#H
<�=3EGF8V�BD60;0B587?7<�B mJ=w�0/3� "02�;0<�6 H
/MLJ_9<$6 ;0<�/ /w<�472D<�6
x
2�4K�0��<$6�4760�h47=w=3<$6 �
� 4K= r � ;:<�252C<�/aoqp0252 m =3�&VS�9F02�;0BD< O~6 oq�9/3;0<$/3-06:8 ;:<�/ ��<�?K�960=wm3/3-0?�m3B5�96 ;0<�/ H
<��7AC<
mJ/3BD<
-06:; ;0<�/ F]<WVS<�89-:608 ;0<�= \ <$6�mJ/3BD?7<$25=N4K-0=N�h4Km3B5<$6Um3<�60=w��<$��B�"h=3EGF0<$6 rs478960<
m � �><$=3�96h4K60� �
z��9A��989/J4K�0F0B5< � 4Km3<�6 4725=�47-0EGF ;0<�6 ,.<�B mJ/347F0A�<�6���;0<�/�;0-:/3EGF#;0B5<�1(BD60=J4Km3�$o{n7F:B589?K<�BDm�;0<�=
r ��;0<$2525=PB56CAC<$;0B5�$B560BD=3EGF0<$6 , m3-0;0BD<�6 v7�9/389<$89<�t�<�6 V�BD/3; � �~-0/wEGF@O~-:m3�9AC4KmJBD=3B5<$/3-06:8�6h4KF0<��$-
472D25<$/C�$-0/��~-0/wEGF:oqp0F0/w-0608 <�BD60<�/ , B5A�-0254KmJBD�96#60�7m VS<�60;:B589<$6 O�/3t�<�B mJ=3=wEGF0/3B m3m3<I?7�96:6Um3< ;0<�/
,.<$BDmJ/347F0A�<�6�47- o!E�4 ��� 7 ��EGF0<�6�oqp0/"<�BD60<`��<�EGF06U-0608 t�<$89/3<$60�$m VS<�/3;:<�6 �
�~BD< O�-0= VS<�/amJ-0608W;0<$/s892D�9th472D<�6 , mJ/w-0?�mJ-0/s;0<�=I-:6Um3<�/w=3-0EGF�mJ<$6 \ <$6�mJ/3BD?7<$25=I�$<�B5EGF:60<$m <$B56
6h4KEGF ;:<�A , mG4760; ;0<$/�kh�9/3=wEGFU-0608 60<�-0<$= F]B52D;�;0<$/ \ <�6�mJ/wB5?7<$25;0-:/3EGF0=amJ/ML7A�-0608 � �~B5<
, m3/ML9A�-06089=amJ/3-:?Um3-0/�V�B5/w; ;:-0/3EGF ;0B5<�1(6�mJ=amJ<$F�-:608 �S1 6�m V�BDEG?�2D-0608 -060; �~<$oq�7/3AC4KmJBD�96 ;0<�=
��B5608QV�B5/3t�<�2D= ;0�9A�B560BD<�/am � �~BD< ��B5EGF�mJ-:608 ;0<$/ , m3/ML9A�-0608�V�BD/3; t�<�/w<�B mJ=�V�n7F:/3<�6:; ;0<�/
�~B547=wm3�925<�47-:oq87<��0/3n787m � �~<$/"x��76Um3/J47?�m3B5�96C;0<�= \ <$6�mJ/3BD?7<$25=]BD=wm]<�B56:<~-06�mJ<$/3=amJp:m3��<�6:;0< � �w<$;0� EGF
60BDEGF�m�/3BDEGF�mJ-06087=389<$t�<$60;0<��(Fh47=w< � ��<�/2\ <$6Um3/3BD?7<�2 V�B5/w; =3�7ACB m�;0-:/3EGF <�BD60< � t�<$/3254789<�/w-0608
v7�96�x`/w<�BD=3t�<WVS<�89-06:89<�6�B5A�H
<�89<$6�-:F0/3�$<�B587<�/3=wB5606�;:-0/3EGF0=amJ/ L9A�m�-060;�60BDEGF�m�-06�mJ<�/ FSB525;:-0608
<$B560<$= 47-0=w89<��:/Jn787m3<�6 , mG47-087<�t0BD<$mJ<$=CA�BDm \ <$/3�`L789<�/w-06089= � -060; F]<�=wEGF025<$-060B587-06089=w�0Fh47=w<IB56
� V]<$B�-:6Um3<�/w=3EGF0BD<�;02DB5EGF0<$6 F]< V]<$89-06089<$6�V]n7F0/w<�60; ;0<�/>�~B547=wm3�925< -:60; ;:<�/ , ��=wm3�925< �
,.-0/ �U-h476�mJB mG4Km3BDv7<�6 1(B56:=3EGFhnKm3��-06:8 <�/3?U/34760?�mJ<$/�-060; 6047EGF � ��<$/J4Km3B5�96:<�6 /w<�?K�960=wm3/3-0BD<�/amJ<�/
\ <$6Um3/3BD?7<�2 V�-0/3;0< ;:B5< H
/ML[_9< ;0<$= �~-0/wEGF0=3�0p:25-06087=389/347;0<�= ;0<�"h60BD<�/wm � �~BD<�=3< x`<$606089/ LJ_9<
BD=wm`<�BD60<Crs4[_�oqp0/`;h47= �~-:/3EGF0=w�0p025-:6089=wv7<�/wFh472Dm3<�6 ;:<�=`=3��<��$B#"h=wEGF0<�6 \ <$6�mJ/3BD?7<$25=`-060; 2�n7=w=wm
=w�9ACB m O�-0=3=34789<$6�p0t�<$/ ��p0EG?U=wmJ/ L9A�89<�t0BD<$m3< -060; v7�96�;0<�/ F]<WVS<�89-:608 47-0=387<�=3EGF:25�9=w=3<�6:<
F]<$/3<$B5EGF0<`;0<$=~|><�/3�$A�-0=w?7<�2D=��$- �

� 
�� � ��%)
��$�$&��

u>A ;:B5< 1 BD60=J4@mJ�$o{nKF0B589?K<�B m ;0<$= <�/w=wm3<�252 mJ<$6Wr ��;0<�2D25=�B56N;:<�/ A�<�;:B5��BD60B5=wEGF0<�6�O~68VS<�60;0-:608
6h4KEGF0��-8VS<�B5=w<�6���V�BD/3;�B5A VS<�BDm3<�/w<�6 \ <�/w2�47-:o�;0<$/ kh�9/3=wEGF�-:6089=J4K/3t�<�BDm3<�6 B5A F]<$/3<�BDEGF ;0<�/
F]BD�9=wm3/ML9A�-06089=wAC<$EGFh4760BD?�;0BD<"=3B5EGFCB5A�O~-:oqth4K-Ct�<)"h6:;0<�60;:< O~6:2�4789<�oq<$/wm3B58989<$=wm3<�252 m(-060;C;h47=
r ��;0<$252���-0/ , BDA�-02�4@mJB5�76�;:<�=~2DB560?K<�6P\ <�6�mJ/wB5?7<$25=�<�B56:<�/ ��-0476�mJBDmJ4KmJB v9<$6�\ <�/wB#"h?@4Km3B5�96�-06�mJ<$/ �
�$�989<�6 � �~B5<
r <�=w=3-0608 V�B5/w;�476�<�BD60<�A 89<�6:<�/3BD=3EGF0<$6P\ <$6�mJ/3BD?7<$2^;0-0/wEGF089<$oqp:F0/wm � � 47=>r ��;0<�2D2
;0<$=2\ <�6�m3/3B5?K<�2D=�25BD<�87m�t�<$/3<$BDmJ=�4725= , B52DB5?K�960A�� ;0<$252!v7�9/ � 7 n7F0/w<�60; ;0<$/�r <$=3=3-:608 V�BD/3; ;:B5<
F]< V]<$89-0608
;:<�= \ <$6Um3/3BD?7<�2D=(47-:oq87<���<$B5EGF06:<$m(-06:; 6h47EGF�v9�7/389<$=wmJ<$252 mJ<�A \ <$/wo{47F0/w<�6�/w<�?K�960=wm3/3- �
BD<�/wm �4, �9A�BDm V�B5/3;�=3BDEGF0<�/w89<�=amJ<$252Dm��9;h47=w=S;:B5< F]< V]<$89-0608�;:<�= \ <�6�mJ/wB5?K<�25=PB56�;0<$/Sr <�=w=3-0608�;0<�/
F]< V]<$89-0608CB56�;0<$/ , B5A�-:2�4Km3B5�96 p:t�<$/3<�BD60=wm3B5A�A�m �
� 4K= r ��;0<$252�;0<�=�47?�mJB v9<$6Iz�<$B52D=�v7�96Ix`47F:AC� V�B5/w; BD6 6h4KF0<�/~,.-0?U-06:o m�ACB m�;0<�A �h4K=3=3B v9<$6
z�<�BD2 y , m3/3-0?�m3-0/ �X, mJ/ L9A�-06087=3A�<�EGFh476:B5=3EGF�89<$?7�9�0��<�2 mJ< ��<�EGF06U-0608C;0<�/ O"�9/amG4 -060;�;0<$/GO"�7/ �
m3<�60?U2�4K�0��<�}Sv9<$/3?U6Up0�:o m �
�~-:/3EGF , B5A�-0254KmJBD�960<$6 VS<�BDm3<�/w<�/�89<�=w-060;0<$/
\ <$6�mJ/3BD?7<$2 V�B5/3;#;h4K=�8725�9th4K25< �(-0A���v9<$/3Fh472 mJ<$6
47- o�=3<$B560<GO~2D2589<$AC<$B56089p:2DmJBD89?7<$BDm!-06�mJ<�/w=3-0EGF�m��0-060; ;:B5<�89<$oq-:60;0<�6:<�6�1(/3?K<�606�mJ6:B5=3=w<
p0t�<�/];:B5<
kh-060?�m3B5�960=UV]<$B5=w< ;:<�=�|�<�/w��<$60=�� VS<�606 6 L7mJBD8 <�/w8�n760�
m �
� A ��4KF0AC<$6N;0<$/ 
 , z �a� | �U, m3-0;0BD< ��V]<$/3;0<$6 BD6dx����9/3��<�/34KmJBD�96 A�BDmC;0<$A |><�/3�$EGF0B5/w-0/387B �

* �C*



��� ��� � � 
 � � ��� �

=wEGF0<
,.<$6Um3/3-0A ;0<$/�u>60B5?U25BD60Bhkh/3<$B5t0-:/38 <�/3?U/34760?�mJ< \ <$6�mJ/3BD?7<$2��$-0/S�:/3< � t0�WVW���9=amJ�9��<�/34KmJB v9<�6
�(Fh47=w<�;0<$/�z"F:<�/J4K�0B5< -06�mJ<$/3=3-:EGFUm � �~-0/wEGFI;0<$6 \ <�/w8925<$B5EGF�;0<�/�8925�9t04725<$6 , mJ/3-:?Um3-0/~;:<�=~87< �
=wEGFhn7;0BD87mJ<$6 -06:;�;:<�=�89<�=w-060;0<$6�\ <$6Um3/3BD?7<�2D= V�B5/3;�BD6�,.-0=J47A�A�<�6h47/wt�<$BDm]ACB m��!47/amJ60<$/36 47-0=
;0<$/
AC<$;0B5�$B560BD=3EGF0<$6�O~68VS<�60;0-:608 <$B560<�1(BD60=3EGFhn@mJ��-:608�;0<�/�O�-0= V�BD/3?U-06089<$6 -:6Um3<�/w=3EGF0BD<�;02DB �
EGF0<$/
x
/J476:?�F:<�BDm3=3t0BD25;0<$/~;0BD=3?U-:m3B5<�/am � �~-0/wEGF ;0B5<�x`<$606�mJ60BD= ;0<$/
kh-060?�mJBD�960= VS<�BD=3<�87<�=3-:60;0<�/
\ <$6Um3/3BD?7<�2.?[L9606:<�6s�7��<$/J4Km3BDv9< 1 /aoq�92587<~v9<$6Um3/3BD?�-:25�9�02547=wm3B5=wEGF0<�/���<�?K�960=wm3/3-0?�m3B5�960<$6 -:60;�;0<�/
;h4KACB mSv7<�/3t:-060;0<$60<�6 476089<$=wm3/3<�t mJ<�6���<�?K�960=wm3/3-0?�m3B5�96�;0<$=��(-0AC��v7<�/3F0472Dm3<�60="A�BDmS;0<�6�4K-0= �
oqp0F:/3<�6:;0<�6Ir <�;0BD��BD60<�/w6 4K6h472 ��=wB5<�/am V]<$/3;0<$6 �
� 4K=�476:89<�=amJ/3<$t:mJ< ,.B5<$2(;0<�= 
ax`47/32D=3/w-0F0<�/ |><�47/am r ��;0<$25= � B5=wm�<�BD6 1(BD60=J4Km3�Ct�<�/w<�B mJ= B56 ;0<�/
�9��<�/34KmJB v9<$6 �(25476U-06089=w�0Fh47=w< -:60; ;:<�/ \ �9/3F:<�/3=34789<`;0<$/"�9��<$/J4Km3BDv7<�6PO~-0=UV�B5/3?U-06:89<�6 � |>B5<$/ �
�$- B5=am�<�=�60�7m VS<�60;:B58 ��;0B5<Cx��9�:�025-06:8 v9�76 , mJ/w-0?�mJ-0/�-:60; , m3/ML9A�-:6089=3A�<�EGF04760B5? oqp0/�;0<�6
\ <$6Um3/3BD?7<�2�4K60��-8VS<�60;0<$6 �

* ���



� ����� ��� �

� 
�	 ����� ��� � 	���� �
	���%�&('�� ���"��� ����	��
��������� ����% �$�$�������
)*���!+ 
�����	����
���"�$% � �
	�� ��
�� � � ��� � � ���

,.-0/ F]<�=amJB5A�A�-06:8 ;0<�/�H
<��9A�<$m3/3BD< ;0<$=�2DB560?K<�6 |�<$/3�
v9<�6�m3/3B5?K<�2D= VS<�/w;0<�6 B56 <$B560<$A � B56:< �
|><�/3� � rs��z � � 4Km3<�60=34KmJ�
BD6 472D25<$6 , EGF0BDEGF�mJ<�6�-06:;�B56�472D25<$6 |><�/3�$�0Fh47=w<�6�;0B5<~x��96�m3-0/3<$6�;0<�/
BD6060<�/w<�6sr �9�7?K4K/3;CV]4760;I=w<�89A�<�6�m3B5<�/am � 1(B56:< AC476U-0<$2525< , <�89A�<�6�mJBD<�/w-0608�;0B5<$=3<�/>x>�96�mJ-0/w<�6��
� � F � ;:-0/3EGFCA 476U-0<$252D<�=(1(B56:��<�BDEGF060<$6 B5=am V]<$89<�6C;0<�/ 89/w�J_9<$6
O�60��4KF02h;0<�/ �$-C=w<�89A�<�6�mJBD<�/w<�6 �
;0<$6 , EGF0B5EGF�mJ<$6�=3<$F0/���<$BDmG4K-:o V�nK60;0B58�-06:;�<�/wA�p0;0<$60; � � 47;:-0/3EGF�B5=wm�<$=��:/J47?�mJBD=3EGF -060A
L9892DB5EGF
472D25<
x>�96�mJ-0/w<�6�ACB m"F0�9F:<�/�H`<$6h47-0BD89?7<$BDm"AC476U-0<$252^<$B560�$-0��<$B5EGF060<$6 �
� 4K= v7�96 r �7/wmJ<$60=3<$6 -06:; F�47/w/3<
m3m`v9�9/w89<�=wEGF02�4K89<�60< 5�BDv9< 7WBD/3< � \ <�/ao{47F0/3<$6 8 *1:�� 47-0EGF 4K25=
� � 6�m3<�252DB589<$6�m , E$B5=3=w�9/3=���t�<�?@476:6Um � ?@476:6 ;:B5< , <$89A�<�6�mJBD<�/3-:608�;0-0/3EGF <�BD60< =3<$ACB547-:m3�9A 4@mJB �
=wEGF0<@F]<$=wmJBDACA�-0608s;:<�/ x>�96�mJ-0/w<�6 <�/wF0<�t:25B5EGF t�<$=3EGF02D<�-060BD89<�6 � �~BD<�=3<$= 7 <�/3?U�$<�-08 th47=wB5<$/wm
47- o�;0<$A*89/J47�:F0<�6�mJF:<��9/w<$mJBD=3EGF0<$6 O~2D89�9/wBDmJF:A�-0=~v7�96 �~B �w?U=wmJ/34��$-0/ �9�:mJBDA 4K25<�6I�(o{4K;0=3-0EGF:<
BD6�<$B560<$A 89< V�B5EGF�mJ<
mJ<�6IH`/347�0F � ��B5< x
60�7mJ<$60�0-06:?Um3<�;:<�=~H`/347�0F0=�=3BD60;�;0B5<`�(B� <$2�;:<�=GF]B52 �
;0<$= �:� <WVS<�BD25=Pt�<$6h47EGFUth47/amJ< �(B� :<$2�y ^@� S 47EGFUth4K/3=3EGF04Ko m } =3B56:; ;0-0/wEGF <�BD60<>89<WV�BDEGFUm3<$m3< x`476�mJ<
v7<�/3t:-060;0<$6 � �~-0/wEGFPF]B52D;:v9<$/J47/wt�<$BDmJ-:6089=P�9��<$/J4Km3�9/3<$6 y{� � F � H
/J47;0BD<�6�mJ<$60F L9F:< } VS<�/w;0<�6 H
< �
V�BDEGFUm3<�y ��x>�9=wm3<�6 ��}~t�<$/3<�EGF:60<$m���=3��;h47=w=
60B5<$;0/3BD89< x��7=wmJ<$6 <�B56:<�/`x`476�mJ<�BDA�H
/J4K�0F <�BD60<�/
F0�7F0<�6 7 47F0/w=3EGF0<$B5602DB5EGF0?K<�B m~;0<$/ ,.-:89<�F L7/3B587?7<�B m>��-I<$B560<$/ � t �w<$?Um3?@476�mJ<�BDA F]B52D; <$6�mJ=3�:/3< �
EGF0<$6 � �~<�/ O~2587�9/3B mJF0A�-:=�t�<�/w<�EGF06:<$m�;0<$6d��o{47; A�B56:B5AC4725<$/�x��7=wmJ<$6N�WV�BD=3EGF0<$6W47?�mJ-0<$252D<�/
rs4K-0=3���9=3B mJBD�96�-060; ;0<�A �w< V]<$B52D=>2D<$m3�$mJ<$6�B56�mJ<$/J47?�mJB v�89<$=3<$m3�$m3<�6 , 494KmJ�:-060?�m�y{=3BD<�F0< O�t0t0B52 �
;0-:608�O �+* } � � 47;0-:/3EGF#?@47606#ACB m VS<�6:B589<$6 r 47-0=3?U2DB5EG?U= ;0B5<C��-#=3<$89A�<�6�mJBD<�/3<$60;0<�x>�96�mJ-0/
�0/3n7��BD=3<>t�<$=wm3B5A�A�m V]<$/3;0<$6��:�7F060<>;h47=3=S;0B5<�x��76Um3-0/PACB m ;0<�/�rs47-0=P<� :47?�m�6047EGF089<$��<�BDEGF060<
m
VS<�/w;0<�6 A�-0=3= �
� 6�<�BD60<�A ;:-0/3EGF�<�BD60<�t�<$6h47EGFUth47/amJ<�x��96�mJ-:/P;:<)"h60BD<�/amJ<�6 , -0EGF:/J47-0A ��B5<>x��96�m3-0/3<$6C� V]<$B5<�/
/3n7-0A�25B5EGF ��;0<�/���<$BDmJ2DB5EGF t�<$6h47EGFUth47/amJ<$/ , EGF0BDEGFUm3<�6 -06�m3<�/3=wEGF0<�BD;0<�6#=wB5EGF 6U-0/�89<�/wB5608 � �~BD<�=
V�BD/3;�47-0=w89<�6U-:m3�$m>-0A ;0B5< �><$EGF0<�60�$<�B m>oqp:/�;0<�6 O�2589�9/wBDm3F0A�-0=S��-�/3<$;0-0�$B5<�/w<�6 � kl472D25= oqp0/�<$B �
60<
�$-�=3<�87AC<$6Um3B5<$/3<�6:;0< , EGF0BDEGFUm><$B560<
t�<�6h4KEGF�t047/wm3<�x>�96�mJ-0/"<  B5=wm3B5<$/wm �#V�B5/w;�ACB m"|�BD2Doq<�;0<�/
�~BD=wmJ4760�$m3/J476:=woq�9/wA 4Km3B5�96 8 �2: <$B56��~B5=amG476:��t0BD25;�;0<$/(t�<$6h47EGFUth47/amJ<$6 x��76Um3-0/(t�<�/3<$EGF060<
m y 7 <$/wm
<$B560<$="�(B� <�2D=�B56���B5=wmJ4760�$t0B52D; <�6�m3=3�0/wB5EGF�m�;0<�/���B5=wmJ4760� �$-0/"x>�96�mJ-0/J} � ��B5<�F]<$/3<$EGF06U-0608�;0<�/
x>�9=wm3<�6 B56I;:<�/ �$- =w<�89A�<�6�m3B5<�/w<�60;:<�6 , EGF0BDEGFUm�V�BD/3; 47- o <�B56:<�6 25�7?K4K25<�6 , -0EGF0/347-0A <$B56087< �

�



� � ��� 
	
 � � � ��� � � �2����
 �&��
 
 
 � � 
����&��
 � ���	� � 
 
�� ��� ��
 � ��
���� ��
�����������
2� 
 � � � � � ��
 � ����
�� ���

O�t0t0B52D;0-0608 O � * � , <�89A�<�6�m3B5<�/w-0608�ACB m 5�BDv7< 7WB5/3<
A�BDm�25�9?@472D<�/"x>�9=wm3<�6Ut�<$/3<$EGF06U-0608

=wEGF0/Jn76:?Um�� VS<�25EGF:<�/ ;0-:/3EGF <�BD60<�AC42 B5AC4725< �~BD=wmJ4760���$-0/ t�<�6h4KEGF�t047/wm3<�6 x��96�m3-0/ ;0<�"h60B5<$/wm
BD=wm�y{=wB5<$F0< O~t0t0BD25;0-:608�O � � } �
u>A <�BD60<(F0�9F0< , m3<$m3B589?K<�BDm�4K-:oq<�BD6h4760;0<$/^oq�92587<�60;0<$/�x��96�m3-0/3<$6���- <�/w/3<$B5EGF0<$6��<V]<$/3;0<$6�;0BD<(��-0/
, <$89A�<�6�mJBD<�/3-:608 t�<$/3<$EGF060<$m3<�6 x��9=amJ<$6 4K-:o=F�47=wB5=�;0<$/�t�<�6h47EGFUth4K/wmJ<$6sx>�96�mJ-0/]AC��;0B#"0��B5<$/wm �
1(B56:<�/3=w<�B mJ= VS<�/w;0<�6�x`476�mJ<$6 A�BDmP89/3�[_9<�A�O~t:=wmG4K60;���-0/St�<$6h47EGFUth47/amJ<$6�x��96�mJ-:/�;0-0/wEGF�F0� �
F0<�x>�9=wm3<�6 t�<�=amJ/34Ko m ��476:;0<�/w<�/3=w<�B mJ=�V�B5/w; ;0BD<�x��9=amJ<$6�t�<�/w<�EGF06U-06:8 47-:oS;0<�/ t�<$6h47EGFUth47/amJ<$6
x>�96�mJ-0/]m3/J47BD60B5<$/wm y{=wB5<�F:< 8 * � �2: } ��=3� ;047=3=��(B� <$2.A�BDm]n7F0602DB5EGF0<$6@F]B52D;0<�BD89<�6:=3EGFh4Ko m3<�6 V�BD< 47- o
;0<$/�t�<$6h47EGFUth47/amJ<�6sx��96�m3-0/�t�<
v9�9/w��-087m VS<�/w;0<�6 �
�~BD< x>�96�mJ-0/w<�6�6h4@mJp0/w25B5EGF:<�/ � t �w<�?�mJ< BD6 A�<�;0BD��BD60B5=wEGF0<�6 F]B52D;0;h4Km3<�6 F047t�<$6 6U-0/s=w<�2 mJ<�6
=wEGFh47/woq< x
60BDEG?7< � ;:<�/�1(EG?7<$6 � �~47F0<�/�v7<�/ VS<�6:;0<$msA 476Noqp:/�;0B5< , <$89A�<�6�mJBD<�/3-:608#Fhn7-�"h8
H
2�4KmwmJF0<$BDm3=3t�<�;0BD6089-06087<�6 � ��<�/>89<WV L9F0602DB5EGF0< 5�BDv7< 7WBD/3< � O~2D89�9/3B mJF0A�-0=�<�6�m3Fhn72Dm>?K<�B56:<�;0<$/ �
47/amJBD89<�6 F]<�;0BD6089-06:89<�6�� =3� ;h4K=3="=3<$F0/�-06:892�4KmwmJ<�-060;�<�EG?UBD89<
x��76Um3-0/3<$6�<�6�mJ=amJ<�F:<�6�?[L9606:<�6 �
�~<$A \ �9/3=wEGF02�4K8`v7�96 , mG472D25B56:8 -060; |�<�87< 8 ��: oq�92587<�60;��QV�B5/3;�;0<$/P�$-089/w-060;0<>25BD<�89<$60;0<�H`/347�0F
=w� A�� ;:B#"h�$B5<�/am ��;h47=3=�6U-0/�=3�92DEGF0<�x`476�mJ<�6#oqp0/�;0BD<��(o{4K;0=3-0EGF:<I47-0=w89<WV]n7F02 m V]<$/3;0<$6��S;:B5<
A�BDm!;0<�/ B5A ��o{47;�v9�9/wF0<�/w89<�F0<$60;0<$6 x`476�mJ<�<�BD60<�6 7WBD60?7<$20v9�96�F L�EGF0=wm3<�60= -4K H
/J47;�t0BD25;0<$6 �
�~BD<�=�/3<$;0-0�$B5<�/am�;0B5<`2D�9?@4725<~x`/wp0A�A�-0608�;0<$/�x>�96�mJ-0/ �
�~<$/!5�B v9<67WB5/3< � O�2589�9/wBDm3F0A�-0=^<$/32D<�B5EGF�m3<�/wm�;0BD< , <$89A�<�6�mJBD<�/3-:608�<$/3F0<$t025BDEGF����w<�;0��EGF�BD=wm�<�=�B5A �
A�<�/�6:� EGF 60�Km V]<$60;0B58`BD6 �w<�;0<$/(<�BD60��<$2560<$6 , EGF0B5EGF�mP;0BD<"x��96�m3-0/���-�t�<�=amJB5A�A�<�6 � u�A ;0B5<$=3<�6
O�-:o V�4K60; �$- /3<$;0-0�$B5<�/w<�6 VS<�/w;0<�6 x��96�mJ-:/3<�6 ��<$BDmJ2DB5EGF yqv7�96 ;0<$6 |><�/3�$?U2�47�0��<�6 �>BDEGF�mJ-0608
|><�/3�$=3�0B mJ�$< } -:60; /JnK-0AC2DB5EGF yqv7�96 ;0<$/�1(60;0;:B�47=amJ�92D<��$-0/�1(60;:= ��=wm3�925<�}`v9�76 <�BD60<�/ , EGF0BDEGFUm
47- o ;0BD<�60n7EGF0=wm3<s�0/w�9�h4787B5<�/am � � 4K��-�V�BD/3; B56 ;0<�A 2D�9?@4725<$6 , -0EGF0/347-0A -0A ;0BD<��$- �0/w� �
�h4K89B5<$/3<�6:;0< x��76Um3-0/ A�BDm�;0<�A 5�BDv7< 7WB5/w< � O�2589�7/3BDm3F0A�-0=>6h47EGF ;:<�A 8725�9th4K25<�6sr BD60B5A�-:A
;0<$/>x��9=amJ<�6 oq-060?�mJBD�96s89<$=3-0EGF�m�y{=wB5<�F:< 8 - � K2: } �6, mJ4Km3m>;0BD<�x>�96�mJ-0/w<�6 B56�mJ<$/J47?�mJB v <$/3=wm3<�2D25<�6���-
A�p:=3=3<$6��(t0/347-0EGF�m�;0<�/�O�64VS<�6:;0<�/C;0B5< �:/3�9�h4K89B5<$/wmJ<$6 , EGF0B5EGF�m3<�6 ;h47606 6U-0/ 60��EGF#v�BD=3-0<$252
�$-dp0t�<$/3�0/wp:oq<�6 � kh<�F02D<�/3F04Ko m��0/w�9�h4789BD<�/amJ<Ix>�96�mJ-0/w<�6W?[L76060<�6W2D<�B5EGF�m�?K�9/3/wB589BD<�/am VS<�/w;0<�6��

�3�



� � ��� 
	
 � � � ��� � � �2����
 �&��
 
 
 � � 
����&��
 � ���	� � 
 
�� ��� ��
 � ��
���� ��
�����������
2� 
 � � � � � ��
 � ����
�� ���

BD60;0<�A B56�m3<�/J4K?Um3BDv ;0B5<s<�/3=amJ<Ioq<$F025<$/3Fh4Ko m3< x��76Um3-0/�A�BDmC;0<�A 5�B v9< 7WBD/3< � 7 <$/3?U��<$-08#60<�-
<$/3=wm3<�2D2Dm�V�B5/w; � �~BD<�=w< V�BD/3; ;h47606�VS<�BDm3<�/��0/w�9�h4789BD<�/am � VS��;0-0/3EGF ;0B5<@VS<�B mJ<�/w<�6#oq<�F02D<�/wFh4Ko �
m3<�6 x��96�m3-0/3<$6 <$/3=3<
mJ�
m]VS<�/w;0<�6 � �~-0/3EGF ;0BD<�=3<$=�\ <�/wo{4KF0/3<$6 A�p0=3=w<�6 ;0B5< x>�96�mJ-0/w<�6 B56 6U-0/
=w<�F0/ V]<$60B589< , EGF0BDEGF�mJ<�6 B56�mJ<$/J47?�mJB v�t�<$=wm3B5A�A�m V]<$/3;0<$6 � � 47A�BDmP?[L96:60<�6 ;:B5<>x��96�m3-0/3<$6 ;0<�=
2DB560?K<�6 |�<�/w�$v7<�6�mJ/wB5?7<$25=�B56 47252D<�6 , EGF:B5EGF�mJ<$6 -060; B56 47252D<�6 |�<$/3�$�0Fh47=w<�6 A�BDm
87<�/3BD6089<$/ F]< �
6U-:m3��<�/wB56�mJ<$/J47?�m3B5�96�=3<$89A�<�6�mJBD<�/wm VS<�/w;0<�6 �

O�t0t0B52D;0-0608]O � � � � � � O~60=wB5EGF�m�;0<$/S=w<�89A�<�6�m3B5<�/amJ<$6�x��96�m3-0/3<$6�47-0=S;0<�6 , EGF060BDmwmJ<$6 ;0<�/S?U-0/ �
�$<�6 |�<�/w��47EGF:=3<

�w�3�



� � ��� 
	
 � � � ��� � � �2����
 �&��
 
 
 � � 
����&��
 � ���	� � 
 
�� ��� ��
 � ��
���� ��
�����������
2� 
 � � � � � ��
 � ����
�� ���

8 *1: 1 � S � r �7/wmJ<$60=3<$6�� 7 � O � F�47/w/3<
m3m�� � 6�mJ<$/J47E
mJBDv7<�=3<$89A�<�6�mG4Km3B5�96PV�BDm3FsB56�m3<�252DB589<$6�m�=3E�BD= �
=w�9/3=��789/347�0F0BDE�472�AC��;0<$25=�4K60; B5AC4789<S�0/3��E�<$=3=3BD608 �7\ �92 �QY9� � S � �JK �7�:� �9�[-JH@�e�J^Q- � , <��:m � *&HJH[^:�
8 �2: O �=, EGF0<�60? �!H � � /347-0=w< ��| ���a��� ��<$BDm389<�6^��5���E�472�E$�9=wm�E��7AC�0- mG4Km3B5�96Ioq�9/
< ��E�B5<$6�m�=w<�8 �
A�<�6�mG4@mJB5�76 �Ko � � �9t �w<$E$mJ= V�BDm3F 2DBDv7< V�BD/3< �(AC<$;0B5E�472�B5AC4789BD608 �7�7�C* � � AC4789<��0/w� E$<�=3=wB5608
y , 476 �~B5<$89� ��u , O � *9/�� �e�7�:� kh<$t0/3-h4K/ �:} ��r �=, �960?@4 ��x � r � |~4760=w�96 y 1(;0= � } ���(/3��E�<$<�;0BD6089=
�7o , � � 1�\ �92 � -����7� �0�0� � * �8KJ/[� * �JY[- � �7�9�N*9�
8 ��: � �4, mJ47252DB5608 ��| ���a�~� |><�89<K� � 6�mJ<$252DB589<$6Um!=3E$B5=3=w�9/3=�oq�9/�A�<�;0BDE�472UB5AC4789<P=3<$89A�<�6�mG4Km3B5�96 �KBD6�F �
O�/360�92D;0=���| � r p02D25<�/���� ��, 4K-0��< �.z � z��92� ;0�9/ ENy{<$;0=G} �.z�4789-06:89=3th4K60; ��-0A -0� kl/w<�BDt0-0/387<�/
7 �9/3?U=wF0�9� ���~BD89BDmJ4725<]F]BD25;:v7<�/347/3t�<�B mJ-0608 B56I;0<$/`r <$;0B5�$B56 � ��kh/3<$B5t0-0/w8 � *<-0��� *9K � rsn7/w� ���0� �
��� �e�JY � *&HJHJY �
8 - : r ��� � ��� �9252 ��� � �9A�t0BD60B56:8 <�;089< �h/3<$89B5�96 �h4760;�=3Fh4K��< B56:oq�7/3AC4KmJBD�96Cm3�C=w<�89A�<�6�m�mJF0<`2D<$o m
v7<�6�mJ/wB5E�2D<`B56�E�4K/3;0B547E rs� B5AC4789<$= � r �a�"� O ���K�9�C* �0�:� � -8^��[� -8H9�:�
8 K2: � � H
<�B587<�/��[O � H`-:�:mG4 �&5 � O ��� �9=wmJ4 � �:� \ 25�76Um3���9=$��� ��6h47A�B5E��0/3�789/J47A�A�B5608~oq�7/P;:<$mJ<$E �
m3B5608 ��mJ/J4KEG?�BD608 ��4K60; AC4Km3EGF0B5608�;:<$oq�9/wA 47t:25< E��76Um3�9-0/w=�� � 1 1 1 z�/34760= � �	O
r � � *9/ y � } � �[HQ-K�
�9�9� � *&HJHJK �

� \



� � ��� �1��
	��
 ����
 �2� � ��� � ���2��� � � 
 ��
 � � ��� ��
2��� ��
 
 � ����� ��� � � ��� � �&��������
 �&����
�� � ���

� 
�� � � %^	�����'�� �[	 +"� � � �	�K����'�� � ����� � �`������	��
� ��%������ ��+���� ��� ���`�!� ��'��$� � �
	���� � � � �

k!p:/ ;0B5< - � � H
<��7AC<
mJ/3BD<�t�<�=amJB5A�A�-06:8 y , <�89A�<�6�mJBD<�/w-0608U}�;:<�=`25BD60?7<$6 |�<�/w�$v7<�6�mJ/wB5?7<$25= V]<$/ �
;0<$6s�~4KmJ<$60=JnKm3��< 6h47EGF�oq�92587<�60;0<$/ , ��<���B�"h?@4KmJBD�96�t�<$6 L7m3B587m��
\ �9A �!4Km3B5<�6�m3<�6 �W�(/3�9t04760;0<$6�VS<�/3;:<�6 rs4K8960<$m � ��<�=w�96h4760� � z��9A��989/J4K�0F0B5< � � 4@mJ<�6:=JnKm3��<
y rs�!z>} <$/3=amJ<�2D2Dm -060; B5A � �a�"� r � kl�7/3AC4Km��$-0/ \ <$/woqp087-0608I89<$=wm3<�252 m � H
<�<$B58960<
mJ< � -:25=3=w< �
�U-0<$60�
oqp0/�;0BD< O~-:oq6047F0A�< ;0<�= \ <$6�mJ/3BD?7<$25="=3BD60;�z�/3-0<�k �U, � ��;0<$/�th47254760E�<$;�k�k�1 � ��B5<`��< �
��<$m3BDmJBD�960=w��<�B m>y{z���}�y{E�4 �8-8H AC=J} V�B5/3;C47t0F0n76089BD8`v7�96�;0<�/S|�<$/3�$oq/w< �U-0<$60�~=w��89< V�nKF02Dm���;h47=3=
*9/ |�<$/3�$�0Fh47=w<�6�47-:oq87<�60�9A�A�<�6 V]<$/3;0<$6 ?[L96:60<�6 � �~BD<�=3<~1(B560=amJ<�2D25-06:8�A�-:=3=Pt�<$B�4K2525<$6 O�-:o �
6h4KF0AC<$6s892D<�BDEGFst02D<�B5t�<�6 ��=w� ;h47=w=~t�<�B�47252D<�6 47-:oq89<$60�9A�AC<$60<�6 , EGF0BDEGFUm3<�6 *9/ |�<$/3���:Fh47=3<$6
A�BDm �w< V]<$B52D= ;0<�6 8925<$B5EGF0<$6 z�/3BD8989<$/3��<$BDm3<�6#;0<�/�<$6Um3=3�0/w<�EGF0<$60;0<$6W|�<�/w���0F047=3<$6d47-:oq89<$60�9A �
A�<�6 VS<�/w;0<�6 � ��B5< O�-:oq6h47F0A�<�6�;:<�/�<$B560�$<�256:<�6 , EGF0BDEGF�mJ<�6 VS<�/3;:<�6 �w<WVS<�B52D= V]n7F0/3<$60;�<�BD60<�/
O�m3<�A��h47-0=w< t�<$B]AC42 B5AC4725<$/ 1  �0BD/J4Km3B5�96 ;0-0/wEGF089<$oqp:F0/wm � 7WB5EGF�mJBD8IB5=am ��;h47=w=�;0<�/��!4Km3B5<�6�m
� �(/3�7th4760; =wB5EGF�V�nKF0/3<$60; -060; �WV�BD=3EGF0<$6 ;0<$6?O~-:oq6h4KF0AC<$6 60B5EGF�m
t�<WVS<�8Km ��;h4 =w�960=wm`;:B5<
v7<�/3=wEGF0B5<$;0<�6:<�6 � 4Km3<�60=3nKmJ�$<�60B5EGF�m�AC<$F0/>��-0=347ACA�<�6:89<�=w<$mJ�
m VS<�/3;:<�6 ?[L76060<�6 � �~<$/ �(B� <$2 �
47t:=wmG4K60;`B56
;0<$6 , EGF0B5EGF�mJ<$6�;h4K/wo�F L�EGF0=wm3<�60= * � K ACA  * � K ACA t�<$mJ/34789<$6 � �~BD< , EGF0B5EGF�m3;0B5EG?K<
t�<$m3/Jn787m�t�<�B�4K2525<$6@O~-:oq6047F0A�<�6 Y ACA �
� �!4K/J472D25<�2D< , EGF060B m3mJ<�;0<$/�?U-0/3�$<�6 |><�/w��47EGF0=w< v9�96 ;0<�/�|�<$/3��=w�0BDm3��<Ct0B5= p0t�<�/�;:B5< r BDm3/J472 �
?U2�4K�0��<
F:B56h47-:= y{E�4 ��*&^
, EGF0B5EGF�m3<�6st�<�B�<$B560<$/ , EGF0BDEGFUm3;0B5EG?K<�v7�96 Y A�A }
� K�, EGF060BDmwmJ<�;0<$/ 2�476:89<�6#|><�/3��47EGF0=w< � �w<WVS<�BD25= A�BDmwmJB58�;0-0/wEGF ;:<�6#25BD60?7<$6 \ <�6�mJ/wB5?7<$2 � �~B5<
, EGF:60BDmwmJ< =wB560; -:6Um3<�/Iv7<�/3=wEGF0B5<$;0<�6:<�6 7WB560?K<�256�-:A ;0BD< 25476089< |�<�/w��47EGF:=3< 89<$;0/3<$FUm�� =3�
;h4K=3= ;0<$/ \ <�6�mJ/wB5?7<$2"A L78925BDEGF0=wm�?7�9A��025<
m3m <$/wo{47=w=wm�V�BD/3; y ��/3<�FU-06:8 -0A �JY�� v7�96 , EGF0BDEGFUm
�$- , EGF:B5EGF�m }
�C��, EGF060B m3m3< =w<�60?U/w<�EGF�m ��-:/PO"�7/wmJ<$60?U2�47�:��<$60<�t�<�60< � �w< V]<$B52D=�;0B5<?O"�9/amJ<�6:?�2547�0��< ACB m3mJBD8
=wEGF060<�BD;0<�6:;�-060;�-06�mJ<�/�v9<$/3=wEGF0B5<$;0<�60<$6 7WB560?K<�2U-0A�;0BD< O"EGF0=3<S;0<�/=O"�9/wm3<�60?U2547�0��<P87<�;0/w<�F�m �
=w� ;h47=w= ;0B5<�O"�9/wm3<�60?U2547�0��<sA
L98925BDEGF0=wm�?K�9AC�:25<$mwm <$/wo{47=w=wm V�BD/3; y{�~/3<$FU-0608 -0A Y9��� v9�96
, EGF:B5EGF�m>��- , EGF0B5EGF�mG} �

\



� � � ���)� ����� 

��������������������


*9�+* x`47/w25=3/w-0F0<$/�|><�47/am�r ��;0<�2Py{x 47| r �U} � ��� � ��� ��� �`��� � ��� ��� � ��� �

� �+* F]2D-:mJ?U/w<�B5=w2�47- o�;:<�=>AC<$60=3EGF02DB5EGF0<$6sxGL9/3��<�/w= � ��� ��� �`��� � ��� ��� � ��� * �
� � � , EGF:60BDmwm�;:-0/3EGF ;h47=>|�<$/3� � � ��� �`��� ��� � ��� ��� �`��� � ��� ��� � ��� *[�
� � � \ �92D-0A�<�6 � ,.<�BDm � \ <$/32�4K-:o:BDA 25B56:?7<�6 \ <$6�mJ/3BD?7<$20=3�&V�B5<]��-089<$F L9/wB589<]�~/3-0EG?�v7<�/ �

25n7-:oq<
B5A 25BD60?7<$6 \ <$6�mJ/3BD?7<$2 �hB56�;:<�/ O"�9/wmJ4�-:60; BDA \ �9/wF0�7o � ��� ��� � ��� * �
� �.- F]<$��BD<�FU-0608��WV�BD=3EGF0<$6 ;:<�A�|><�/w����<$BDmwv9�92D-0AC<$6 -060; ;0<$A , EGF0254787v7�925-0A�<�6 �

kh/J4K60? �U, mJ47/32DB5608 � x
-0/wv7< ��� � ��� �`��� ��� � ��� ��� �`��� � ��� ��� � ��� *<-
� �RK \ <$6Um3B52D<�t�<�60<`;0<$=�|><�/w��<�6:=�� 8 �[-2:�� �`��� ��� � ��� ��� �`��� � ��� ��� � ��� *&Y
� �ZY \~B5=3?K�9=3B mGnKm"v7�96�F]25-:m�BD6 O~t0FhnK6089B587?7<�B m�;0<�/ , EGF:<�/3/34KmJ< ��� � ��� ��� � ��� *&^
� �R/ 1(/ �Um3F0/3�9� �UmJ<�6sB56�478989/w<�89BD<�/amJ<�A�,.-0=amG4760; � � ��� ��� �`��� � ��� ��� � ��� *&H
� �Z^ 1 E�<�?�mJB v9< \ B5=w?7�9=wBDmJnKm�B56 O~t:Fhn76089BD89?7<$BDm";:<�/ , EGF0<$/3/J4@mJ< � � � ��� ��� � ��� �[Y
� �ZH r �725<�?Up02�;:<�/�,.<�B mJ;0BD=3?U/3<
mJB5=wB5<$/3-0608 ��� ��� � ��� ��� �`��� � ��� ��� � ��� �[^
� �+* � F]<$6h47EGFUth47/amJ<�,.<�252D<�6�A�BDm",.<�252D��<$6Um3/3<$6

P
-:60;

N
���`� ��� ��� � ��� ��� �[H

� �+*J* �~BD=3?U/3<
mJBD=3B5<$/3-06:8C;0<$/>x��96�v9<$?�mJBDvUm3<�/3A�<`ACB m3m3<�25=",.<�6�mJ/34725<$/��~B E�<�/w<�60�$<�6 � �9�
� �+*[� F]<$��<$B5EGF06U-06087<�6�;0<$/S� �U,0��� � AC�02D<�A�<�6�mJBD<�/w-0608 47-:o.<�B56:<�A ?@47/wm3<�=wB5=3EGF:<�6 S <$m3� ���

�:�+* \ <$6Um3/3BD?7<�2D89<��7AC<
mJ/3BD<
B56�;0<�/�H
<�=347A�mG4K60=3BDEGFUm�y 49}]-060;sBDA , EGF06:BDm3m�yqtl}�ACB m
�[� ;0B5A�<�6:=3B5�76h4725<$6�x
2�47�:��<$6 ��� �`��� ��� � ��� ��� �`��� � ��� ��� � ��� �8/

�:� � , EGF:<�AC4KmJBD=3EGF0<�� 47/w=wmJ<$252D-0608
;0<$/ �><$?7�960=amJ/w-0?�mJB5�76C;0<$/SH`<$�9AC<
mJ/wB5<]-:60;C;:<�/
F]< V]<$89-0608 � � � � ��� ��� � ��� �`��� ��� � ��� ��� �`��� � ��� ��� � ��� �J^

�:� � , EGF:<�AC4KmJBD=3EGF0<�� 47/w=wmJ<$252D-0608�;0<�/�H
<��9A�<$m3/3BD<�/3<$?7�96:=wmJ/w-0?�mJBD�96 ��� ��� � ��� �JH
�:�.- rs��z � � 4Km3<�6 � �~47/389<$=wm3<�252 m�=3BD60; , EGF06:BDm3m3< ;0-0/wEGF ;0<$6 � t�<�/w?[L9/w��<$/ � �~BD<

F0<$252D<�6PF]<�/w<�BDEGF0<��$<�BD89<�6�;h47=>|><�/3� �hACB m"25BD60?7<$A�-06:;s/3<$EGF�mJ<�A \ <$6�mJ/3BD?7<$2 � -��
�:�RK � A����7/wmJBD<�/w<�6d;0<$/�� 4KmJ<$6 ��� z�/wB�476087-02�47/wB5=wB5<�/w-0608 ��� � 6�mJ<�/w���72�4Km3B5�96N;:<�/

� t�<�/ �hn7EGF0< ��� , EGF060<$B5;0<$6s;0<$/ � t�<�/ �ln7EGF0<$6sA�BDm�1 t�<�6:<�6 ��� , �025BD60<�=�472D=
F�4K=3B5=��$-0/ S <$m3��89<$60<�/wB5<$/3-0608 ��� �`��� ��� � ��� ��� �`��� � ��� ��� � ��� - *

\ �



� � � � ���	������
���
�����
�����������


�:�ZY 1! �mJ/347?�mJB5�76 ;0<$/�H`<$=J47A�mwoq/J4787<�=wm3<�2D25-0608�;0<�/ \ <�6�m3/3B5?K<�2D=3B5A�-02�4Km3B5�96 ��� � ��� -U�
�:�R/ S <$mJ�$t�< V]<$89-0608 47A F]<$B5=w�0B5<$2 <$B560<$=(, V�B5=wEGF0<�6:=3EGF0/wBDm3m3<�=(� V�B5=3EGF:<�6 ;0<$6 S <$m �

�$<�6s�$-0A ,.<$BDmJ�:-060?�m
t1
-06:;

t2
� �`��� ��� � ��� ��� �`��� � ��� ��� � ��� -��

�:�Z^ ��<�?K�960=wm3/3-0?�m3B5�96 ;0<�/GF]< V]<$89-0608 �`��� ��� � ��� ��� �`��� � ��� ��� � ��� -��
�:�ZH , �:25B56:<�="-060;�z��9���725�989BD< ;0<$= S <$m3��<�= � ��� � ��� ��� �`��� � ��� ��� � ��� -J-
�:�+* � F]<$/3<$EGF06U-06089=w60<$m3� BDA \ <�6�m3/3B5?K<�2Dt�<$/3<�BDEGFN��- <�B56:<�A ,.<�B mJ�0-:60?�m �(v9�9/C-060;

6h4KEGFs;0<$/ S <$m3��8925nKm3m3-0608 � � ��� �`��� ��� � ��� ��� �`��� � ��� ��� � ��� -4K
�:�+*J* x>�96�"h89-:/J4Km3B5�96 ;0<�/ u�6�m3<�/3=w-0EGFU-0608 ;0<$= 1(BD6��h-0=w=3<�= ;0<�= S BDEGFUm �

S <WV"mJ�760=3EGF0<$6 r <$;0B5-0A�= � � ��� �`��� ��� � ��� ��� �`��� � ��� ��� � ��� -8Y
�:�+*[� \ <$/wmJ<$B52D-0608�;0<�/ <WE�<�?�m3BDv9<$6 \~B5=3?K�9=3B mGnKm`<$B560<$= S B5EGF�m � S < V"mJ�960=wEGF0<�6 r <�;0B �

-0A�=>47A FS<�B5=w�0B5<$2�<�BD60<�/��~-:/3EGF0=amJ/ML7A�-0608C<�B56:<�/ F]2D<�60;0< � � ��� ��� � ��� -8Y
�:�+* � \ <$/wmJ<$B52D-0608�;0<�/ , EGF0<$/389<$=3EGF8V�B560;:B589?K<�BDm <�B56:<�= S B5EGF�m �XS < V"mJ�96:=3EGF0<$6 r <�;0B �

-0A�=>47A FS<�B5=w�0B5<$2�<�BD60<�/��~-:/3EGF0=amJ/ML7A�-0608C<�B56:<�/ F]2D<�60;0< � � ��� ��� � ��� -4/
�:�+*<- \ <$/32�4K-:o!;:<�/ \ BD=3?7�7=3BDmJnKm

µeff

-060;�;0BD<`v7�925-:AC<$6089<�A�BDmwmJ<$2DmJ<G\ BD=3?7�7=3BDmJnKm
µeff

-4/
�:�+*9K \ <$/3892D<�B5EGFd;:<�/ ;0/w<�BD;0B5A�<�60=wB5�9604725<$6dH
<�=3EGF8V�BD60;0B587?7<�B mJ=w�0/3� "025<sv7�96 , B5A�- �

254KmJBD�960<�6 <$B560<$= S B5EGF�m �XS < V"mJ�96:=3EGF0<$6#r <�;:B5-0A�=
-060; <�BD60<�= S < V"mJ�96:=3EGF0<$6
k!2D-0B5;�F:B56�mJ<$/><$B560<$/ F]25<$60;0< �

u∞ = 0.3m/s
��� ��� � � � � ��� ��� � ��� � -8H

�:�+*&Y \ <$/3892D<�B5EGF`;0<$/ , mJ/w�9A�25B56:B5<�6�-060;`;0<$/�H`<$=3EGF8V�B560;:B589?K<�BDm3=3t�<$m3/Jn789<(v7�96 , B5A�- �
254KmJBD�960<�6 <$B560<$= S B5EGF�m �XS < V"mJ�96:=3EGF0<$6#r <�;:B5-0A�=
-060; <�BD60<�= S < V"mJ�96:=3EGF0<$6
k!2D-0B5;�F:B56�mJ<$/><$B560<$/ F]25<$60;0< �

u∞ = 0.3m/s
��� ��� � � � � ��� ��� � ��� � K7�

�:�+*9/ \ <$/3892D<�B5EGFd;:<�/ ;0/w<�BD;0B5A�<�60=wB5�9604725<$6dH
<�=3EGF8V�BD60;0B587?7<�B mJ=w�0/3� "025<sv7�96 , B5A�- �
254KmJBD�960<�6 <$B560<$= S B5EGF�m �XS < V"mJ�96:=3EGF0<$6#r <�;:B5-0A�=
-060; <�BD60<�= S < V"mJ�96:=3EGF0<$6
k!2D-0B5;�BDA O�t0=wmJ4760; � � �$- <$B560<$/ F]25<$60;0< �

u∞ = 0.3m/s
� ��� ��� � ��� � KN*

�:�+*&^ � E�6�-:6089=wv7�9/38947608 ;0<�/�r�BDmJ/34725?U2547�0��< ��=3EGF8V]47/3��?7<$6060��<$B5EGF06:<$mCF0�9F0< 7WB �
;0<$/3=amGn760;:< �lF0<�2D2�ACB m3m325<�/w< 7WBD;0<�/w=wmGnK60;0< � VS<�B _C?K<�BD60<�6 7WB5;0<$/3=amG4760; � ��� K9�

�:�+*&H � E�6�-:6089=wv7�9/38947608�;0<�/ O"�9/amJ<�6:?�2547�0��< ��=wEGF4V]47/w�C?K<�6060�$<�BDEGF060<$m�F0�9F0< 7WB �
;0<$/3=amGn760;:< �lF0<�2D2�ACB m3m325<�/w< 7WBD;0<�/w=wmGnK60;0< � VS<�B _C?K<�BD60<�6 7WB5;0<$/3=amG4760; � ��� K9�

�:� �7� , m3/3�9A�25BD60B5<$6 -:60; �@� � H`<$=3EGF8V�B56:;0B589?K<�B mJ=3�:/3� "h2D<�F0BD6�mJ<�/~;0<�A r ��;0<�2D2�;:<�/
O"�9/amJ<$60?U2�47�0��<`ACB m

α
�

β
� ∞ � u∞ = 0, 6m/s

� � � � � ��� ��� � ��� � KQ-
�:� �N*�, m3/3�9A�25BD60B5<$6 -:60; �@� � H`<$=3EGF8V�B56:;0B589?K<�B mJ=3�:/3� "h2D<�F0BD6�mJ<�/~;0<�A r ��;0<�2D2�;:<�/

O"�9/amJ<$60?U2�47�0��<`ACB m
α
�

β
�

1000
�
u∞ = 0, 6m/s

� � � � ��� ��� � ��� � KJK
�:� �9� , m3/3�9A�25BD60B5<$6 -:60; �@� � H`<$=3EGF8V�B56:;0B589?K<�B mJ=3�:/3� "h2D<�F0BD6�mJ<�/~;0<�A r ��;0<�2D2�;:<�/

O"�9/amJ<$60?U2�47�0��<`ACB m
α
�

2
�
β
�

0
�
u∞ = 0, 6m/s

� � � � ��� ��� � ��� � K[Y
�:� �7� �~/w-0EG?U/J476:;0t�<$;0B56:89-06089<$6I-060; x
/3<$B5=32547-:o V�BD;0<�/w=wmG4K60; �`��� � ��� ��� � ��� K[^
�:� �Q- rs��z � O~- oq6h47F0A�<d-060; ��-087<�F L9/wB589< o{47/3t0?K� ;:B5<�/amJ<Wk!2D-0=3=wAC<$=3=w-0608 y{t02547-

<$6Um3=3�0/wB5EGF�m>60<�894KmJB v9<�/�H`<$=3EGF8V�B56:;0B589?K<�B mJ=3?K�9A����96:<�6�mJ<$=3<�6:?�/w<�EGF�m �$-0/"1(t�< �
60< �l/3�7m�<$6Um3=3�0/wB5EGF�m ���9=wBDmJB v9<$/>H`<$=3EGF8V�B560;:B589?K<�BDm3=3?K�9AC���960<$6�mJ< }"A�BDm"<$B56089< �
�$<�B5EGF:60<$m3<�/ \ <�6�mJ/wB5?7<$25?K�96�mJ-0/ ��� �`��� ��� � ��� ��� �`��� � ��� ��� � ��� K[H

\ �w�



� � � � ���	������
���
�����
�����������


�:� �JK � t�<$/wmJ/34789-06:8�;0<�/�|IL9F0<$6025BD60B5<$6 47-:=];0<$=�k!25-0=w=3A�<�=w=3-06087<�6�B56C;0B5< , B5A�-02�4 �
m3B5�960=w<�/w89<�t06:B5=3=w< � ��� ��� � ��� �`��� ��� � ��� ��� �`��� � ��� ��� � ��� Y9�

�:� �[Y \ <$/3892D<�B5EGF ;0<�/�|IL7F0<�602DB560BD<�6 47-0=�;0<�6 k!25-:=3=3A�<�=w=3-06:89<�6 -:60; ;0<$6 1(/389<$t �
60BD=3=w<�=>;0<�/ , BDA�-02�4@mJB5�76��8V�n7F:/3<�6:;s;0<$/���B�47=amJ�92D< ��� �`��� � ��� ��� � ��� YC*

�:� �J/ \ <$/3892D<�B5EGF ;0<�/�|IL7F0<�602DB560BD<�6 47-0=�;0<�6 k!25-:=3=3A�<�=w=3-06:89<�6 -:60; ;0<$6 1(/389<$t �
60BD=3=w<�=>;0<�/ , BDA�-02�4@mJB5�76��U��-0A 1(60;0<`;0<$/>�~B�47=amJ�92D< ��� �`��� � ��� ��� � ��� YC*

�:� �[^ \ <$/3892D<�B5EGF ;0<�/�|IL7F0<�602DB560BD<�6 47-0=�;0<�6 k!25-:=3=3A�<�=w=3-06:89<�6 -:60; ;0<$6 1(/389<$t �
60BD=3=w<�=>;0<�/ , BDA�-02�4@mJB5�76��U��-0A 1(60;0<`;0<$/ , ��=wmJ�725< ��� �`��� � ��� ��� � ��� Y��

-0�+* \ �92D-0A�<�6 � ,.<�BDm � �~B54789/347ACA -:60; ,.<$BDmJ�:-060?�mJ< ;0<�/ x
2�47�:��<$6 L[E �
6U-0608 � , EGF02DB5<`_7-0608 ��� ��� � ��� �`��� ��� � ��� ��� �`��� � ��� ��� � ��� Y8K

-0� � \ <$/3892D<�B5EGF�;0<�/!�~/3-:EG?Uv7<�/w2�n7-:oq<"� V�B5=wEGF0<�6 ;0<$6 1(/389<$t060BD=3=3<$6 ;0<�/ , B5A�-02�4Km3B5�96
-06:;Ir <$=3=w<�/387<�t060BD=3=w<�6 47-0=�;0<$/ 5�B mJ<$/J4Km3-0/ 8 �[Y�: � 8 ^�: � �`��� � ��� ��� � ��� Y8/

-0� � O�-0=3t0/w<�B mJ-06087=woq/3�76Um`;:<�= , ?@472547/3=���- ,.<�B mJ�0-06:?Um3<�6 V]n7F0/w<�60; ;0<�/ � E�6U-0608
;0<$/�r BDm3/J472D?�2547�0��< ��� ��� � ��� �`��� ��� � ��� ��� �`��� � ��� ��� � ��� YJH

-0�.- O�-0=3t0/w<�B mJ-06087=woq/3�76Um];0<�= , ?@472547/3= ��- ,.<�B mJ�0-06:?Um3<�6C?�-:/3�>6h47EGF � E�6U-0608�;:<�/
r B mJ/34725?U2�4K�0��< � � � ��� ��� � ��� �`��� ��� � ��� ��� �`��� � ��� ��� � ��� /7�

-0�RK O�-0=3t0/w<�B mJ-06087=woq/3�76Um�;0<$= , ?K4K2�47/w="��-s,.<�BDm3�0-060?�m3<�6 V�n7F:/3<�6:;s;0<$/���B�47=amJ�92D< /N*
-0�ZY O�-0=3t0/w<�B mJ-06087=woq/3�76Um�;0<$= , ?K4K2�47/w="��-s,.<�BDm3�0-060?�m3<�6 V�n7F:/3<�6:;s;0<$/���B�47=amJ�92D< /9�
-0�R/ O�-0=3t0/w<�B mJ-06087=woq/3�76Um�;0<$= , ?K4K2�47/w="��-s,.<�BDm3�0-060?�m3<�6 V�n7F:/3<�6:;s;0<$/���B�47=amJ�92D< /7�
-0�Z^ O�-0=3t0/w<�B mJ-06087=woq/3�76Um�;0<$= , ?K4K2�47/w="?�-:/3�
v9�9/ � E�6�-:608C;:<�/ O"�9/wm3<�60?U2547�0��< � /Q-
-0�ZH O�-0=3t0/w<�B mJ-06087=woq/3�76Um�;0<$= , ?K4K2�47/w= V�n7F:/3<�6:;s;0<$/�� E�6U-0608�;0<�/ O"�9/amJ<$60?U2�47�0��< /JK
-0�+* � O�-0=3t0/w<�B mJ-06087=woq/3�76Um];0<�= , ?@472�4K/3= ?U-0/3��6h47EGF ;:<�/ � E�6U-0608�;0<�/ O"�9/wm3<�60?U2�4K�0��< /[Y
-0�+*J* O�-0=3t0/w<�B mJ-06087=woq/3�76Um�;0<$= , ?K4K2�47/w= V�n7F:/3<�6:;s;0<$/ , � =amJ�92D< ��� � ��� ��� � ��� /J/
-0�+*[� O�-0=3t0/w<�B mJ-06087=woq/3�76Um�;0<$= , ?K4K2�47/w="��-0A 1(60;:<�;0<$/ , ��=wmJ�725< � � ��� ��� � ��� /[^
-0�+* � \ <$/ VS<�60;0<
mJ<>�(/3� �w<$?�mJB5�760=3<$t�<$60<�6�-060; FS25B5EG?U/wB5EGF�mJ-06:89<�6�;:<�/ O�t0t0B52D;0-06087<�6

-0�+*<-�� -:���9� � � � � ��� ��� � ��� �`��� ��� � ��� ��� �`��� � ��� ��� � ��� /[H
-0�+*<- , m3/3�9A�25BD60B5<$6 -06:;sH
<�=wEGF8V�B560;0BD89?7<$BDm3=3t�<$mJ/3478 t�<�B^<$B560<$/�EGFh47/347?�mJ<�/wB5=amJB5=wEGF0<�6

H
<�=wEGF4V�BD60;0BD89?7<$BDm
u∞ = 0.238

V]n7F0/w<�60; ;0<�/ � E.6U-06:8C;0<$/�r BDm3/J472D?�2547�0��< ^9�
-0�+*9K , m3/3�9A�25BD60B5<$6 -06:;sH
<�=wEGF8V�B560;0BD89?7<$BDm3=3t�<$mJ/3478 t�<�B^<$B560<$/�EGFh47/347?�mJ<�/wB5=amJB5=wEGF0<�6

H
<�=wEGF4V�BD60;0BD89?7<$BDm
u∞ = 0.238

?U-0/w��6h4KEGF ;0<$/ � E�6U-0608�;0<�/�r B mJ/34725?U2�4K�0��< ^C*
-0�+*&Y , m3/3�9A�25BD60B5<$6 -06:;sH
<�=wEGF8V�B560;0BD89?7<$BDm3=3t�<$mJ/3478 t�<�B^<$B560<$/�EGFh47/347?�mJ<�/wB5=amJB5=wEGF0<�6

H
<�=wEGF4V�BD60;0BD89?7<$BDm
u∞ = 0.238

V]n7F0/w<�60; ;0<�/>�~B547=wm3�925< � � ��� ��� � ��� � ^��
-0�+*9/ , m3/3�9A�25BD60B5<$6 -06:;sH
<�=wEGF8V�B560;0BD89?7<$BDm3=3t�<$mJ/3478 t�<�B^<$B560<$/�EGFh47/347?�mJ<�/wB5=amJB5=wEGF0<�6

H
<�=wEGF4V�BD60;0BD89?7<$BDm
u∞ = 0.238

V]n7F0/w<�60; ;0<�/>�~B547=wm3�925< � � ��� ��� � ��� � ^9�
-0�+*&^ , m3/3�9A�25BD60B5<$6 -06:;sH
<�=wEGF8V�B560;0BD89?7<$BDm3=3t�<$mJ/3478 t�<�B^<$B560<$/�EGFh47/347?�mJ<�/wB5=amJB5=wEGF0<�6

H
<�=wEGF4V�BD60;0BD89?7<$BDm
u∞ = 0.238

V]n7F0/w<�60; ;0<�/>�~B547=wm3�925< � � ��� ��� � ��� � ^[-

\ �w�3�



� � � � ���	������
���
�����
�����������


-0�+*&H , m3/3�9A�25BD60B5<$6 -06:;sH
<�=wEGF8V�B560;0BD89?7<$BDm3=3t�<$mJ/3478 t�<�B^<$B560<$/�EGFh47/347?�mJ<�/wB5=amJB5=wEGF0<�6
H
<�=wEGF4V�BD60;0BD89?7<$BDm

u∞ = 0.238
�$-0A 1(60;0<`;0<�/>�~B547=wm3�925< � ��� ��� � ��� � ^8K

-0� �7� , m3/3�9A�25BD60B5<$6 -06:;sH
<�=wEGF8V�B560;0BD89?7<$BDm3=3t�<$mJ/3478 t�<�B^<$B560<$/�EGFh47/347?�mJ<�/wB5=amJB5=wEGF0<�6
H
<�=wEGF4V�BD60;0BD89?7<$BDm

u∞ = 0.238
?U-0/w� v7�9/ � E�6U-0608�;0<�/ O"�9/amJ<$60?U2�47�0��< � � ^JY

-0� �N*�, m3/3�9A�25BD60B5<$6 -06:;sH
<�=wEGF8V�B560;0BD89?7<$BDm3=3t�<$mJ/3478 t�<�B^<$B560<$/�EGFh47/347?�mJ<�/wB5=amJB5=wEGF0<�6
H
<�=wEGF4V�BD60;0BD89?7<$BDm

u∞ = 0.238
?U-0/w��6h4KEGF � E�6�-:608C;:<�/ O"�9/wm3<�60?U2547�0��< � ^8/

-0� �9� , m3/3�9A�25BD60B5<$6 -06:;sH
<�=wEGF8V�B560;0BD89?7<$BDm3=3t�<$mJ/3478 t�<�B^<$B560<$/�EGFh47/347?�mJ<�/wB5=amJB5=wEGF0<�6
H
<�=wEGF4V�BD60;0BD89?7<$BDm

u∞ = 0.238
�$-0A 1(60;0<`;0<�/ , ��=amJ�92D< � ��� ��� � ��� � ^J^

-0� �7� O�-0=3t0BD25;0-:608�;0<�=��>BD608[V�BD/3t�<�25=S��-�F]<�87B5606�;0<�/>�~B547=wm3�925< � � ��� ��� � ��� H9�
-0� �Q- 1(6�m V�B5EG?U25-:608 ;0<$=>�>BD608[V�B5/wt�<$25=�BDA VS<�B mJ<�/w<�6 \ <�/w2�47-:o�;0<$/���B�47=amJ�92D< � ��� HC*
-0� �JK O�-:oq=3�h4K2DmJ-:608 ;0<$=I��B5608QV�B5/3t�<�2D= -06�mJ<$/ F]BD25;0-:608#<�B56:<�=s� V]<$BDm3<�6 7WBD/3t�<�2 �

?K<�/36:=��(7WB5/3t�<�2D?7<$/3602DB560BD<�6 -06:; 7WBD/3t�<�252DB560BD<�6 ��� ��� �`��� � ��� ��� � ��� H��
-0� �[Y O�-:oq=3�h4K2DmJ-:608 ;0<$=I��B5608QV�B5/3t�<�2D= -06�mJ<$/ F]BD25;0-:608#<�B56:<�=s� V]<$BDm3<�6 7WBD/3t�<�2 �

?K<�/36:=~-060;�<�BD60<�= , 4@m3mJ<$25�0-:60?�mJ<�=��h�0/3� �wB5��BD<�/amJ< , m3/3�9A�25BD60B5<$6 � ��� ��� � ��� H��
-0� �J/ 1(6�m V�B5EG?U25-:608C;:<�=>�>BD608[V�BD/3t�<�25=S-060; O~- o mJ<�BD25-06:8�;0<�/�|�47-0�:m389<�=wEGF8V�B560;0BD8 �

?K<�BDm3=3/wB5EGF�mJ-06:8 �$-0A 1(60;0<";:<�/ �~B547=wm3�925< �Kt�<�B 89<�/wB56089<$/ �~6:;0<�/w-0608`;0<�= \ <$6 �
m3/3B5?K<�2 v9�92D-0AC<$60="p0t�<�/�;0BD< ,.<�BDm � �`��� ��� � ��� ��� �`��� � ��� ��� � ��� H9�

-0� �[^ O�-0=3t0BD25;0-:608�;0<$="�>BD608[V�BD/3t�<�25= BD6 kh�9/3A <$B560<$/�x
<$mwmJ<���- <$B560<$A ,.<$BDmJ�:-060?�m
6h4KEGF�� E.6U-06:8C;0<$/ O"�9/wm3<�60?U2547�0��< ��� ��� � ��� ��� �`��� � ��� ��� � ��� H[-

-0� �[H |�47-0�:m3t�< V]<$89-0608N;:<�=�F]25-:m3<�=�t�<$B
;0<�/ �~-0/wEGF0=wm3/ML9A�-0608N;0<$=P\ <$6�mJ/3BD?7<$25=
p0t�<�/�;0<$6 87<�=J4KA�mJ<$6I, ��?U25-0= ��� �`��� ��� � ��� ��� �`��� � ��� ��� � ��� HJY

-0� �9� �~-:/3EGF0=w�0p025-:6089=387/J47; ;0<�=>-06�mJ<$/3=3-:EGFUm3<�6 \ <$6�mJ/3BD?7<$25= � y
c0 = 1

�
V0 =

1(60; �
= � =amJ�92DB5=wEGF0<�= \ �925-:AC<$6��

t0 =
,.<$BDm�<�BD60<�=�, ��?U25-0=w=3<$=G} �`� ��� ��� � ��� ��� H8/

O �+* , <$89A�<�6�mJBD<�/3-:608CA�BDm 5�BDv9< 7WBD/3<
A�BDm"2D�9?@4725<$/"x��9=amJ<$6�t�<�/w<�EGF06U-06:8 � � ��� �w�
O � � � � � O~6:=3B5EGF�m!;0<�/�=3<$89AC<$6�mJB5<$/wm3<�6�x>�96�mJ-0/w<�6�47-0=�;0<�6 , EGF060BDmwmJ<$6�;0<$/�?U-0/w��<�6

|><�/3��47EGF0=w< � � � � ��� ��� � ��� �`��� ��� � ��� ��� �`��� � ��� ��� � ��� �3�w�

���



� �	�P��� � ��� � �����P��� ����������


8 *1: � � O � O�60;0<$/3=3�76 �������  "* 
 � &�� � 
 & , ��� � � ') �� �  "* 
 ' �
*+ � 
 
 , � & 
���� ��
 � r�E H
/J4<V T |�BD252��
, <$/3BD<�=�B56 O"<�/w�96h47- mJB5E`4K60;�O"<$/3�9=w�h47E$<�1(6089BD60<�<$/3BD608 � *&H[^JH:�

8 �2: 5 �R,��9� 4K/3<$mwmJ� �9O � � � H
�9=3AC476�� ,�� \ � ��4KmG476:?K4K/��@4760;�� � F �J, �04725;0BD608 � z(V]�~E�472DE�-0254KmJBD�96
�0/w� E$<�;0-:/3<�=>oq�9/�=wm3<�47; � ��m3F0/3<$< T�;:B5A�<�60=wB5�96h4K2 �h�&V�=IV�B mJF�/3<�E$B5/wE�-0254KmJBD�96 ��� * � �� � -,��#&�� 

�
	 '����#* ,��"&(') "*"& 
 '��	� & 
 ! � � &
	  "*+ "& �� �� ���  "*�� � 
 !��  "'���� , 
 �#&�� ! ����, � � & 
���� ��
 � *&H8/7� �

8 ��: r �R,���� F0�96:8 � O � 1 � ��<�/w/ � ��4K60; F ���:��� 476�m VS<�2D2 � O 89<�60<$/J472�E$2�47=w=3=wB#"hE�4KmJBD�96��7o�m3F0/3<$< �
;0BDAC<$60=3BD�96h472 �h�&V "h<$25;0= ��� � � 
�� ��
 �
	�� ! ����, 
 � � y K }
� /[Y8K T /J/J/ � *&HJH7�:�

8 - :�� �9A��0-:mJ4KmJBD�96h472:� ��6h47A�B5E$= 5�BDACB mJ<�; � 5��960;:�96 � ��'	
 *$��� �  "' ��� ,�� !�� � ��� �  "* 
��	� &������ �
*&H[HJH:�

8 K2:�� �9A��0-:mJ4KmJBD�96h472.� ��6h47A�B5E$= 5�BDACB mJ<$;�� 5��960;:�96 � ��'	
 * ����� 
  "*�� ����,
 � �  "* 
��	� &������ �
*&H[HJH:�

8 Y�:`�G� ��<�A�B5/3;:��B5E�4760;Cr � ��<�/3BDE � , �h4KE�<�E��96:=3<�/avK4KmJBD�96 2�4<V B56 "h60B mJ<]v7�925-:AC<�E�4725E$-02�4@mJB5�760=
�7o �h-0B5; �h�&V � �"&(') "*"& 
 '��	� & 
 !���� �
*"& 
 ! �
	 � � �  "*�� � 
 ! �  "'���� , 
 �#&!� ! ����, 
 � ^ � * �7�8/ T
* �JK7� � *&H[^J^:�

8 /2: H � �~-0t0BD60B ��r � � � ;0< 5�<$vK472 �^� � �(B5<
mJ/347t0B5=w=J4 �^k � r � r �96�mJ<
v9<�E$EGF0B ��4760; kh-0A�<�/3� � � �
O 6U-0A�<�/wB5E�472 �0-0B5; A�<�EGFh4K60B5E�472�=amJ-0; �I�7oP/3<$�h47BD/3<�;sE��96087<�60B mG472�F0<�4K/wm
;0<
oq<�E
mJ= � 4K�0� �
2DB5E�4@mJB5�76 mJ� mJF:<`m3�7mG4K2^E�4�v9�7�0-025A��96h4K/ � E$�96060<$E$m3B5�96 �#" �	� �  �����
 &�� ��
 � �[H y * }
� *J*J* T *[�N* �
*&H[HJY:�

8 ^�: � ���~� kh-0608 �$" �	� �  �����
 &�� ��
 � , �:/3B56:89<�/ \ <$/32�4K8 � *&HJHJ/ �
8 H�: z � |><�2D;:m �K1 � F �J, F0BDA��K4760;�� � �dx`47A�A �0� �9A��0-:mJ4KmJBD�96h472UA�� ;:<�25BD608>�7o�E�47/w;0B5� vK47=3E$- �
2547/S/w<�=w���96:=3<~m3���9/amJF0�9=amG4Km3B5E>=wm3/3<�=w= � ��� � * & 
 ! �
	�
 �%� ! �  -, � � � 
��	� !�� � � � H�� � *[�7�JH T *[�JKQ- �
�7�7��� �

8 * ��: ��<$mJ<$/`|�BD2525<$/ � 1 6�m V�BDEG?�2D-0608�-06:; x>�960=amJ/3-:?Um3B5�96s<�B56:<�/ 5�47t��9/J4K602�4787<��$-0/ �0FhnK60�9A�< �
60�725�989BD=3EGF0<$6 u>6�mJ<�/w=3-0EGFU-06:8�t0B5�7AC<$EGFh4760BD=3EGF0<$/ , mJ/ML7A�-06089=av9�9/w8�n76087< � ��'�� ,��  "& 
 *'&" ��#' �
�7�7�9�:�

8 *J*1: k!B mJ��|>-089F � � AC�0-:25=3<$=�4760;#�0F ��=3BD�925�987B5E�4K2]=wmJ4KmJ<$= B56 mJF:<��9/w<$mJBDE�472SAC��;0<$25=��7o�60<$/wv9<
A�<�A�t:/J4760< �#" �	� � � � 
�� ��
)( � � * & 
 ! � * � �7�[YC* T �7�J/7� � *&HJYJH:�

�



� � ��
����2� ���)� 
 ���)
�����������


8 *[�2: � ���:� |�-06�mJ<$/ ��� *���� 
 ') � �#'�') ��#! � &��
 "& � �~<�� � �7o�1(608 � , E$B5<�6:E�< � u�6:BDv9<$/3=wBDm � �7o O~-:EG? �
254760;�� S < V ,.<�4K2�4760; � �7�9�C* � �

8 * ��: � � �G�K� =3=34 �6, �92D-:mJBD�96 �7ohmJF0<SB5A��025BDE�B mJ2 ��;0BD=3E�/w<$m3B5��<$; �h-0BD; �h�&V < �U-h4Km3B5�96:=!t ���7��<$/J4Km3�9/XT
=w�025B m3mJBD608 � � � �
* & 
 ! �
	 � � � � � '	
 '��	� & 
 ! � � � 
�� ��
 � Y9� � -9� T Y8K � *&HJ^8K��

8 *<- : � � �G�.� =3=J4 � O � � � H
�9=3AC476���4760;?O � � 7 4Km3?UB560= � z"F:< E��9A��0-:mJ4KmJBD�96I�7oPE��7AC�0/w<�=w=3B5t:25<
476:; B560E$�9A��0/3<$=3=3BDt025<>/3<$E�BD/3E�-:2�4Km3B5608 �h�&V�=�t � 476 BDm3<�/34KmJB v9<>B5A��025BDE�BDm!=3EGF0<$AC< � ��� �
* & 
 !
�
	 � � � � �
' 
 '��	� & 
 ! � � � 
�� ��
 � Y�� � YJY T ^9� � *&H[^JY:�

8 *9K2: z �ZS���� �960<$= � � AC4789< � th47=w<�;�v9<$6Um3/3BDE�-02547/"t025����; �h�&V�476h4K2 ��=3BD= � ����
�
  "* '	
 ' �	� & � *<HJHJ^:�
8 *&Y�: z �ZS��.� �960<$= 4760;s� � r <$mJ42 :47= � �!4@mJB5<$6�m � =w��<$E�B�"hE�4760472 ��=3BD=��7o(25<
o m�v9<�6�m3/3B5E$-02�4K/�t02D� ��;

�h�&V ��� * � ���� -,��#&�� 
 �
	 � � � � � � � ��� � *&H[HJ^:�
8 *9/2:��:� �!47/w?W4760; � � r <
mG42 :47= � O~6h472 ��=3B5=��Ko�2D<$o m v7<�6�mJ/wB5E�-:2�47/@V]47252 A��7m3B5�96Nt047=3<$; �96

v7�925-0A�<$m3/3BDE~;0<
oq�9/3AC47t02D<~A�� ;0<$25=]4760;�A�/3B � =3�h4KACA � �  -,�� � 
 ! ��� 
 �
 � & 
 ! � 
���
 � * � K7� T
/N* � *&HJHJY �

8 *&^�:��:� � � 5�<$ACA��96 4760; �P�989476h4Km3Fh476 O � � �I� �7AC�0- mG4Km3B5�96h4K2(AC��;0<�2DB5608��7o�25<$o m�F0<�47/wm
;0B547=wm3�925BDE"oq-060E$m3B5�96s�:1! :47A�B56h4Km3B5�96��7o^v7<�6�mJ/wB5E$-02�47/S; ��=woq-06:E$mJBD�96 � ��� � * & 
 ! �
	 " �	� �  �
����
 &�� � 
 !���&����#&  � "*��#&�� � * �9� � * �JH T *[*9/ � �7�9�9�:�

8 *&H�:��:� � � 5�<�A�AC�76 4K60; �P�78�476h4Km3Fh476 O � � � z"F0/w<�< � ;0B5A�<�6:=3B5�76h472�E$�9AC�:-:mG4Km3B5�960472�A�� �
;0<$2��7o 2D<$o m F:<�47/am
;0B�4K=wmJ�725B5E
oq-06:E$mJBD�96 V�BDm3F �h-0BD; � =amJ/w-0E$m3-0/3<�BD6�mJ<�/347E$m3B5�96 � ��� � * & 
 ! �
	
" �	� �  �����
 &�� � 
 !���&����#&  � "*��#&�� � *[�9� � * �JH T *J*9/ � �7�9�7�:�

8 �7��: � � | �R, 5�BD6 4K60; k � �~� � �
BD6 � O A�-02Dm3B�42 B�4K2�E$�960=wm3BDm3-:mJB v9<�2�4<V oq�7/ AC47A�A 4K25B�4K6 2D<$o m
v7<�6�mJ/wB5E�-:2�47/(A �7� E�47/3;:B5-0A B56�=amJ<�47; � =amG4Km3<"th47/3BD-0A E��96�m3/J47E
mJ-0/w<>�7/!mJ<
mG476U-0= � ��� �
* & 
 !
�
	 & �	� �  �����
 &�� � 
 !  "&����#&  � "*��#&�� � *[�7� � | ^ T | *�� � *&H[^9�:�

8 �N*1:�� ��EGF0<�6 5�-:o m � x>�960��<$�:mJBD�96�-060; 1 6�m V�BDEG?�2D-0608C<�B56:<�= O~6�mJ/wB5<$t�<$=>�$-0/ , B5A�-02�4Km3B5�96 ;0<�/
A�<�60=wEGF025BDEGF0<�6 |�<$/3�$t�< V]<$89-0608 � ��' � ,��  "& 
 *'&" ��#'�� �7�9�C*9�

8 �9�2: � 4�v�B5; r � r�E�� -0<�<$6 476:; � F047/32D<�= ,�� ��<�=3?UBD6 � O*mJF0/w<�< � ;0BDAC<$60=3BD�96h472>E��9A��0-:m3<�/
A�� ;:<�2
�7o�mJF0< FU-0AC476 F:<�47/am�oq�7/�=amJ-0; � BD608 E�47/3;:B�47E �h-:B5; ; ��6h47A�B5E�= � � � � � �
') "*
� * 
 � ��� ��
 � �[- � K[^ T Y�� � �7�9�9�:�

8 �7��: � 4�v�B5; r � r�E�� -0<�<$6 4760; � F047/32D<�= ,�� ��<�=w?�BD6 � |><�47/am =wB5A�-0254KmJBD�96�t �I4K6sB5A�A�<�/3=w<�;
t��9-060;047/ � AC<
mJF0��; V�B mJF oq�9/wA 472 =w<�E��760; � �7/3;0<$/�47E�E$-0/J47E � 476:; /3<�;:-0E�<$; 6U-0A�<�/wB5E�472
v�B5=wE��9=wBDm � � ��� �
* & 
 ! �
	 " �	� �  �����
 &�� � 
 !�� &����#&  � "*��#&�� � *<-�� � H�� T *��8K � �K�9�C*9�

8 �Q- : , m3<��0F0476 r�<��9<$/ � S -0AC<$/3BD=3EGF0< , BDA�-02�4@mJB5�76s;0<$/ , mJ/ L9A�-0608�BDA O"�9/amJ<$6�t��989<$6 � ����
 �

  "* '	
 ' �	� & � �7�7�9�:�

8 �JK2: | ��� <$/wm3<�2 � ��'�*
	 ��� &�� 
��  �����
 &�� � � \ BD<WVS<�8 \ <�/325478 � *&HJHJH:�
8 �[Y�: | ��� <$/wm3<�2 �#� * 
 & , '�! � ��� �
*+ "* ,��
*+��� ,��  ���' *
	 ���
&�� 
"!  ��
*+ � \ BD<WVS<�8 \ <�/325478 � �K�9�9�:�

�~�



� � ��
����2� ���)� 
 ���)
�����������


8 �J/2: O � ��47=3BD���7-02�47/wB5;0<$=���r � , FU-���4760;IH`2D�&V]<$/�� � � � ��B�47=amJ�92DB5E
/3BD89F�m�v9<�6�m3/3B5E$-02�4K/ "h2D25BD608
v7�9/wm3<� B56�60�9/3AC472l476:; v9�92D-0A�<>� v7<�/32D��47;C=wmG4@mJ<�= � � �  "*�� � 
 & ��� �
*"& 
 ! �
	 � � � 
��	� !�� � � �
�[^Q- � | * �JY[- T | * �J/9� � �7�9�9�:�

8 �[^�: O � ��47=3BD���7-02�47/wB5;0<$=��Ur �C, F�- � 4K60; � � � � H
25�&V]<$/ � ��\Woq-06:E$mJBD�96h472hBDA 4K89B5608:� �@� ;C<$EGF0� �
;0<$/3B v9<�;d; � 6047ACBDE 87<��9A�<$m3/ � 4760; �h�&V "h<�2D; =3BDA�-0254KmJBD�960= � � �  "*�� � 
 & ��� �
* & 
 !��
	
� � � 
��	� !�� � � � �Q^[- � | K[Y T�| Y8K � �7�9�9� �

8 �[H�: x � ��<�/w?�mJ�92D;���r � ��<�=wEGF��^4K60;I| � k!2D�9/3B5476 � � -:25=J4@mJB52D<`60�96#T�6:<WV"mJ�760B�476 �h�&V EGFh47/347E �
m3<�/3BD=wm3B5E�=`BD6 4�mJF0/w<�<�;0BDAC<$60=3BD�96h472�FU-0AC476 E�47/w�7mJBD; t0BDoq-0/wE�4Km3B5�96 A�� ;:<�2 � ��� �
*"& 
 ! �
	
" �	� �  ����
&�� � 
 !���&����#&  � "*��#&�� � * � � -8Y[- T -4/[Y � *&HJHC*7�

8 �9��:��~�R,�� ��<�=w?UB56I4K60;I� � r � r E�� -0<$<�6 � r�<�EGFh476:B5E�4K2�< �U-0B52DB5t0/wB5-0A ;0<$m3<�/wACBD60<�=�mJF0<`oq/J4KE �
mJ472 "ht�<�/ 4K/3EGF0B mJ<�E
mJ-0/w<��7o�mJF0<�4K�9/wm3B5E F0<�47/wm�v74K2Dv9<�2D<�4 �0<$mJ= � � �  "*�� � 
 & ��� � * & 
 ! �
	
� � � 
��	� !�� � � � �QYJY � �C*&H T �9�[^ � *<HJH[-0�

8 �C*1:��~�R,�� ��<�=3?UBD6 476:;#� � r � r E�� -0<$<�6 � O 89<�6:<�/J4K2�AC<
mJF0��; oq�9/ mJF0<�E$�9AC�:-:mJ<$/�=3BDA�- �
254KmJBD�96 �7o�t:B5�92D�989B5E�472�= ��=wm3<�A B56�mJ<$/J47E
mJBD608PV�B mJF �h-0BD;0= �C� 6 �~� � � 1(25BD6087mJ�76 4760; z � �:�
��<�;02D<�� �[<$;0BDm3�9/3=�� " �	� !�� ��� � 
 ! � ! ����,�� � & 
���� ��
 � z"F0< � �7AC�h4K6 � �7o F]BD�925�789B5=amJ= 5�BDACB mJ<�; �
� 47A�t0/3BD;089< � *&HJH8K �

8 ���2:��~�R,�� ��<$=3?UB56 4760; � � r � r E�� -0<�<$6 � k!25-0BD;I; ��6h47A�B5E$=
�7o mJF0<�F0<�47/wm 4K60; BDmJ= vK472 v9<$= �
� 6 � mJF0A�<�/�� O";02D<�/�� 5�<WV�B5=���476:; �~47252D�96���<�;0B mJ�9/w=�� � 
 
  � ��'�� ,��  �
 �#& � 
 '��( �� 
 ' � � 
 !
� � ,
 "!#! �#&�� � � ��� !�� � � ��� � � 
��	� !�� � � 
 & , �� "!#! " �	� !�� � �@� �(/3<$6Um3B5E$<�|�47252�� *&H[H8/ �

8 �9��: O � ��4K<�;0<$2525B���k � rs4KB5=J4K60� ��4K60; �:���:� , EGF0/3<$-0;0<$/ � \ <$6Um3/3BDE�-02547/�A��7mJBD�96 ;0-:/3B56:8ImJF0<
<��w<�E$m3B5�96 �0Fh4K=3<7�K4"E��9A��0-:mJ4KmJBD�96h4729476h472 � =wB5= � ��� � * & 
 !��
	 
 �%� ! �  -, � � � 
��	� !�� � � � ^[H � �N*<- T
���7� � �7�9�7�:�

8 �[- : ��� EGF:< � 
 � ���( ��  �� � � � & �  -,���� �#& ��� � � �
	 
 �
 � u�/wth476�� k�B5=3EGF:<�/ \ <�/w2�478 �hr p06:EGF0<�6��
*&H[HJH:�

8 �8K2: ���96 , EGF8V]47/3� � 5�47=amJ<$60F0<$o m���-0/ O�-:oq6h47F:AC< ;:<�/�rs4K8960<$m � ��<�=w�96h4760� � z"�9A��989/347�0F0BD<
� 4@mJ<�6 � z�<$EGF060B5E�472~/w<����9/wm���kh/J4K-060F0�7oq<$/ � � 60=wm3BDmJ- mCoqp0/ O~6087<WV]4760;:m3< � 6:oq�9/3AC4Km3B5�960= �
m3<�EGF060BD?�k � z � �7�7�9�:�

8 �JY�: ���96 , EGF4V]47/w� �I, <�A�B�4K-:mJ�9AC4Km3B5=3EGF:< , <�89A�<�6�m3B5<�/w-0608C;0<�=�25B56:?7<�6 |�<$/3�
v9<�6�m3/3B5?K<�2D= ACB m
5�BDv7<)7WBD/3< � z�<$EGF060B5E�472l/3<$���9/am ��kh/J47-:60F0�7oq<$/ ��� 6:=wmJB mJ-:m(oqp:/ O�6089< V�476:;:mJ< � 6:oq�9/3AC4Km3B5�960= �
m3<�EGF060BD?�k � z � �7�7�9�:�

8 �8/2: r � x �7, Fh47/w���[H � F � z"FU-0/3=amJ�96��[4K60;�r � 1 � r ���9/w< � z"F:<P< E.<$E$m��7o�t02D� ��; v�B5=3E$� <$2�47=amJBDE�BDm �
�96 �:-025=34KmJBD25< �0�9V B56s=wmG4@mJB5�76h47/ �s4760; 4  :B547252 ��AC� v�B56:8 mJ-0t�<�= � " �	� *���� !�� � � � �7� � *<^8K T
�7�[^ � *&HJH[Y:�

8 �J^�: � � � , mJ/w<�<$m3<�/�476:; 7 � 1 � ���&VS<�/w= � z"F:/3<�< � ;0BDAC<$60=3BD�96h472 "ht�<�/��9/wB5<�6�mJ4KmJBD�96 BD6NmJF0<
AC47A�A 472DB�476s25<$o m`v7<�6�mJ/wB5E�-:2�47/ V�4K252 � � 
 * ,��	� � 
 
 ��� ! 
 * 
 � 
"'  ���, � & 
���� ��
 � *[� � *[� T *&^ �
*&HJ/[^:�

� �w�



� � ��
����2� ���)� 
 ���)
�����������


8 �JH�: z � 7 � z�4 ��2D�9/��.| ��, -08�4 �^H`�7m3� � � � � ?UB56:��| � ��4760; z � �S47AC4789-0EGF0B � z"F0< < E.<$E$mJ=`�7o
E�47/3;0B547E~BD6:o{47/wE$mJBD�96��96 /3<�4725BD=wm3B5E"mJF0/w<�< ;:B5A�<�60=wB5�96h4K2�2D<$o mPv9<$6Um3/3BDE�-02547/]t02D� ��;�< �w<�E
mJBD�96 �
	 * 
 &�
 � ��� � � � *J*&^ � * �JY T *J* � � *&HJHJY �

8 -���: z"F0< V�=��Pr - mJ=3EGF:25<�/���476:; \P47-0��<�2 � � & 
 '�� ���  � � � � 
��	� !�� ���  � � 
 '���� � � � 
��	� !�� ���  ,
 �

�  "&�
 ���( "& � 7WB5=w=3<�6:=3EGFh4Ko m325BDEGF0<�\ <�/3254789=w89<�=w<�252D=3EGFh4@o m�A�th| , m3-:m3m38�47/wm�� *&HJH[H:�

8 - *1:��~� 1 � z"F0�9AC47= � z"F:< A�-:=3E�-:2�47/�4K/3EGF0B mJ<�E
mJ-0/w< �7o�m3F0< v9<$6Um3/3BDE�25<$=��7o F0�98 4760; ;0�98
F0<�47/wm3= � � �  "*�� � 
 & ��� � * & 
 ! �
	 � & 
 '�� � � � * �C* � *9/ T KJ/ � *<H8KJ/ �

8 -U�2: |>B5/3�7=3F0B 7 4KmG4K6h47t�<S4K60;�z��9=wF0B�47?UBU|>B5=J4K;h4 �U� �9A��0-:m3<�/�=3BDA�-0254KmJBD�96 �7o:t025��� ; �0�9V �[2D<$o m
v7<�6�mJ/wB5E�-:2�47/ V]47252�A��7m3B5�96
4K60;
mJF0<$B5/�B56�m3<�/3/w<�254KmJBD�960=3F:B5� t � �h-0BD; � =amJ/w-0E$m3-0/3<(BD6Um3<�/347E$m3B5�96
"h6:BDmJ<`<$25<�A�<�6�m�A�<$m3F0� ; � ��� � � �"&(') "* & 
 ' �	� &(! � � �
* & 
 ! � -4K � K7� T /#* � �7�7��� �

8 -���: � � ,.Fh47608 4760; z � |>B5=347;h4 � O�6h472 � =wB5=��7o �0-0B5; =wm3/3-0E
mJ-0/w< B56�m3<�/J4KE$mJBD�96 �0/3�9t:25<�A�=
V�B mJF�=wm3/3-0E
mJ-0/3472�t0-0EG?U25BD608�4760;�2�4K/389<�;0�9AC47B56�EGFh4K6089<�=�t �@O 5�1�"h60BDm3< <�2D<�A�<�6�m�A�< �
m3F0� ; � � � � � � '	
 ' �	� & 
 ! �  "' ��� , 
 �
	 
 �%� ! �  -,��  �����
 &�� � 
 !  "&����#&  � "*��#&�� � *&H9� � Y9�Q- * T
Y9�JKJ/ � �7�7�C*9�

� �w�3�


